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I. SUMMARY

A complete cnalyti~al model and computer program !
. describing the performance of flowmeters in the high

Reynolds number regime haz been formulated, One of the

primary innovations of this model is 1its capabilaity for

describing arbitrary axisymmetric inlet flow fields, 1in

contrast to the flat velocity profiles used in all prior
analyses. Other Xkey features of the model are the con-

sideration of finite flow deflection angles by the rotor
blades, and the utilization ci actual empirical bearing-
torque data in the retarding torque formulation.

Other well-known effects included in the model are i
those of manufacturing tolerances; meter temperature; !
fluid temperature, density, and viscosity; nunber of % ¥
blades; blade shape (e.g., flat or helical); preswixler %
configuration; fluid-drag retarding torque: readout-—levice :
retarding torque; type of bearing (ball or journail); etc. ;1
The model was intended for use with stcorable propellants,

but wnuld be suitable for cryogenic propellants with little

or no modification, providing the pertinent input data

were available,
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Capability of the model to predict meter performance,
as well as to determine output sensitivity to all the above
parameters, was demonstrated by numerical examples with
two different fluids, utilizing input data from commercial
meters in the 2" size range. The results of these cal-
culations clearly demonstrated, for the first time, that
the inlet velocity profile dominates flowmeter performance.
Effects of all retarding torques were relatively small,
becoming important only at the lower Reynolds numbers, with
blade-tip and hub fluid drag far outweighing all other
retarding . rgues,

On the basis of the results of these calculations, a
recommended test program wes formulated to (a) evaluate the
analytical model, (b) evaluate the few empi ‘ical effects
which could not be included in the model due to lack of
appropriate test data, and (c) determine the effect of
pipinc configuration and upstream conditions on meter inlet
velocity profile. It was also recommended that an analytical
study be performed to determine the effects of asymmetric
proifiles, not included in the present study.

Because of the overwhelming importance of the velocity

profile in determining meter variations, it was strongly



recommended that the test program be designed around
Item (c), which requires little in the way of standard
turbine flowmeter test capability. Evaluation of the

analytical model ﬁtenx hﬂ and, in particular, of the

effects cf asymmetric velocity profiles, can be performed

with a cocmbination of standard flowmeter test facilities
and the specialized inlet-profile evaluation capability

needed for Item (c).

i |




II. INTRODUCTION

The purpose of the program, as stated in the original

Proposal Request, was as follows:

"The objective of this 8tudy is to develop or adapt an
existing medel that describes flowmeter performance.

To be incluued in the model will be the effects of
design, manufacture, installation, off-line calibration
with different fluids, and fluid dynamic properties of
the fluid being metered. An experimental program to
verify and evaluate the effects of the various parameters
in the model will be outlined but not performed. ...

“The contractor shall provide all that is necessary to
accomplish the study outlined in the following phases:

"a., Phase I - Literature Survey.

The contractor shall conduct a literature
survey to determine the applicability of existing
turbine flowmeter performance models,

“b. Phase II -~ Model Development.

The contractor shall adapt an existing model or
develop a model considering but not limited to those
of the following items which are felt to be currently
within the state-of-the-art:

(1) Design Effects:

{(a) Meter and blade material
(b) Bearing materiail

(c) Meter 3size

(d) Cavitation




—~
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~

Manufacturing Effects:

(a) Quality control on dimensions
{b) Surface finish
(c) Lubricity of surfaces

(3) Installation Effects:

(a) Upstream valves and elkows

(b) Inlet fluid swirl velocity

(c) Meter position - horizontal or vertical
(d) Inlet internal surface finish

(e) Asymmetric velocity profile

(4) Off-site calibration with substitute fluid:

(a) Calibration shifts between fluids
{(b) Breaking in running and/or working time

(5) Fluid dynamic effectes of metered fluid:

(a) Chemical reactivity
(b) Entrained particles
{c) Fluid temperature, viscosity and density

All items within state-of-the-art will be included
in the model and reasons given for not including the
remaining items.

“c., Phase III - Outlining of Experimental Program:

The contractor shall outline an experaimental
program that will meaningfully verify the theoretical
model and evaluate the magnitude of influence of th=z
factors included in the model as they affect turbine
flowmeter performance accuracy. This outline shall
include the materials, eguipment, and manpower
estimates required to conduct the program. The
program experiments are not to be performed. ...

—— el ey
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B. History

Shortly after the advent of turbine flowmeters as
measurement devices for propellant flow rates in rocket
engines, it was found that flowmeter registration in
propuision test-stand and flight applications often varied
somewnat from the meter calibration data. Since the accuracy
level of the calibration facilities was generally far better
than the measured discrepancies, it was clear that variations
in test parameters must be responsible for the observed
differences in meter output.

A number of analytical and experimental studies were
conducted, as will be described in detail in Section II1l
of this report, in order to determine those parameters
which affected flowmeter registration, and to establish
the quantitative dependence ¢ meter performance on the
various factors. Although a great deal was accomplished
by these studies, there were several serious omissions as
well as some conflicting results. In order to resolve
these shortcomings, it was decided that the ICRPG (Inter-
agency Chemical Rocket Propulsion Group) would initiate an
analytical program to develop a complete turbine flowmeter

per formance model, taking into account all possiktle




parameters which might affect mcter performance. This

analysis was to be followed by a test program, to be
formulated on the basis of the results cbtained from the
analytical study.

.. The present report describes the development and
results of the analytical program, which was funded on
April 26, 1967 by the U. S. Army Missile Command, Redstone
Arsenal, Alabama, under Contract DA-AHO1-67-Cl1609 with ;
Greyrad Corporation of Princeton, New Jersey. This report
also includes detailed recommendations for the follow-on !

test program.
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III. SURVEY OF TURBINE FLOWMETER LITERATURE

Phase I of the contract consisted of a survey of prior
turbine flowmeter literature and the formulation of an
approach to some of the analytical problems in the model.
The results of this survey were given in the Second Monthly
Progress Report of the subject contract, which had limited
distribution. A summary of the literature survey and
pertinent references 1s presented here for convenience,
since it formed the basis for the definition of the model.

A search of recent literaturc was made through the
use of nine abstracts and indexes., A card file of more
than 200 references was prepared with a brief abstract of
each item, Based on the abstrzacts given, reports that were
considered pcrtinent to the contract were documented in the
form of a second-draft bibl:iography of approximately 80
references, These references were reviewed to determine
the applicability of existing models to the proposed flow-
meter performance model. The literature survey was divided
into theoretical papers about turbine flowmeters or turbo-

machinery etfects and experimental papers dealing with

effects that can best be represented empirically. The

IR SRR RS ST v



following sections summarize some of the important points

made 1n the key references listed at the end of the report.

A. Peview of Previous Theoretical Models

Theoretical models of turbine meters are generally based
on either the momentum approach or the airfoil approach.
Proper application of the momentum approach requires complete
fluid guidance; i.e., all fluid particles crossing the plane
of the leading edges of the blades are given the same change
in angular momentum (at a given radius) as those particles
adjacent to the blade. The driving torque is then expressed
as a function of the change in angular momentum of the fluid.

In the airfoil approach, the forces exerted by the fluid
on a differential-area element of the blade are integrated
over the blade length to obtain the driving torgue. N !

The application of momentum and airfoil theory can vary
with the investigator, depending upon the effect he is
trying to demonstrate. The paper by Lee and Evansl and
the paper of Rubin, Miller and Fox2 are typical examples
of the different techniques that are employed to describe
the same basic device. Reference 1 considers first an ideal

fluid at a given flow rate which defines an ideal nonslip

rotor speed W/, . When considering a real meter with




ret-rding torgues, the rotor will turn at a speed w. which 3
differs from the ideal speed by an amount AW called the
rotor slip. The dimensionless ratio %f is formed, which
is called the fractional rotor slip. The influences of
fluid-retarding torques and nonmagnetic drag are then %
illustrated in terms of the fractional rotor slip. This x
treatment has been referred to as the "coefficient approach,”
in that each effect can be demonstrated in terms of the

same parameter; i.e., as some type of coefficient to the

ideal speced.

In considering this approach, it became apparent that it
is not possible to examine a given effect independent of all
others, because of the complex interrelationship of terms.
For example, in considering meter dimensional effects due
to temperature, the resultant geometry change leads to a

; - charge in thoe £1lvid velocity profile which combires with
the change in fluid properties to affect the rotor torque.

Re ference 2 considers both the momentum and airfoil

approach, but chooses to deal directly with the torque
equations which are non-dimensionalized by a normalizing

i torque. Presentation of the data is made in terms of a

3 -mnmw«mw"'—"“' -

slip parameter which is the ratio of the tangent of the




effective angle of attack to the tangent of the blade stagger
angle. Unfortunately, the fwo slip parameters of References 1
and 2 cannot be directly compared, since Reference 2 assumes
that the direction of the leaving velocity is parallel to the
blade, The‘paper was restricted to a theoretical model of
driving torques and did not consider bearing drag and other
retarding torques. Also, a constant lift coefficient was
assumed, independent of the number of blades and the rotor
space/chord ratio variation with radius. A more detailed
discussion of the important analytical problem areas examined

in the literature survey is given in the following paragraphs:

1. Blade Interference Effects

Applicacion of the momentum or airfoil theory
depends upon the type of meter design. For turbine
meters with a small number of blades, full guidance of
the flyid is not insured, and a theoretical model based
on the airfoil approach is considered more suitable.
However, if the airfoil approach 1s applied to rotor
designs with an increasing number of blades, the point
must be reached where the airfoil and momentum approaches
merge to give the same results. Reference 2 ccmpares

these approaches and attempts to show the importance

A




of the solidity parameter and its relationship to slip,
in order to indicate the operating regimes in which the
momentum and airfoil analyses give similar results and
where they differ,

Although the approach of Reference 1 1is satisfactory
for the assumptions stated, it cannot be directly applied
in the present analysis because of the restrictive
assumptions of uniform velocity profile and nu considera-
tion of blade interference effects.

If isolated airfoil blade theory is applied to a
multiple-bladed rotor, the analysis suggests that
doubling the number of hlades or blade area would give
twice as much torque without limit. GCbviously, there

.5t be an upper limit at which blade interference
starts affecting the lift coefficient used in the
calculation.

Because pirevious analyses have not treated this
problem in any detail, very little is available in
the flowmeter literature to contribute to its analysis.

The problem can be approached in either of two ways:




(a) The first is based on the use of experimental
data generated as part of wind tunnel experiments
on cascades. This approach is used by Jepson,3
who modifies the isolated airfoil and drag co-
efficients to account for the "cascade effect."

Reference 3 suggests that CL/CLi e1d Cd/cdi
depeind only on the space/chord ratio and are
independent of the angle of incidence over the
range 0° to 20° and within "reasonable accuracies"”
up to incidences of 45°, Therefore, knowing the
space/chord ratio from the rotor dimensions, and
the 1solaced airfoil lift and drag coefficients,
the curves of C /C and C /C_ can be used to

L Li d di
obtain the actual lift and drag coefficients.

The major limitation in using experimental
data of this type is that the deta were cobtained
using a particular blade shape and aspect ratio,
and the meter blades should be of a similar design
to correctly use the curves. The test conditions
for the curves in Reference 2 are not specified,
and the :mportance of matching geometries is not

discussed.




(b) An alternate approach to the problem, which
was used in the present analytical model, is the
application of potential theory to incompressible
inviscid two-dimensional cascade flow. Straight
cascade theory can be applied properly to study
blade interference effects in an actual rotor where
the blades diverge because the lift coefficient CL
and the space-to-chord ratio §/¢ are calculated at
a given radius and vary continuously with r, and
are in this fashion integrated into the driving
torque expressions. Since most turbine theoretical
models use straight-line blade profiles, a potential
flow analysis reqguiring straight blades is not a
severe restriction. An analysis similar to the
type used 1is given in Reference 4.

Treatment of the problem requires the conformal

mapping of the exterior cf a cascade of straight line

profiles into the exterior of a circle. A morr
detailed description of the use of cascade theory
in the present model is found in Section IV of ihis

report, which gives a technical description of the

model.




2. Boundary Layer and Wake Effects

Our discussion in the previous paragraphs concerned
incaompressible inviscid two-dimensional flow and
therefore aid not deal with the effects of boundary
layers and wakes, For a single profile having a
relatively small 1lift, the influence of the boundary
layer on the pressure distribution is generally dis-
regarded. However, for flow through cascades of high
solidity, the boundary layer becomes important because
in some cases, its displacement of the external flow
cannot be neglected. The problem is complicated by
the fact that some knowledge of the pressure distri-
bution cver the profile surface must be known to
properly apply boundary layer theory.

Boundary layers are also responsible for generating
secondary flows when blades of finite length are con-
sidered. Boundary layers at the blade ends near the
hub and tip, combined with pressure gradients caused
by turning the stream, generate secondary flows toward
the blade ends on the lower blade surface and away from
the ends on the upper surface., In addition, immediately

downstream of the surface of the blade, there 18 a

- 16 -
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surface of discontinuity of veiocity, equivalent to
a vortex sheet. From finite wing theory, this vortex
sheet is unstable and rolls up into two trailing

vortices which interact with the wall boundary layers,

It must be remembered that most of the literature |
dealing with boundary layer and secondary flow effects
in cascades is concerned with axial flow compressor
and turbine design, where the flow ies turned through
large angles and the pressure difference across the

blade row is high. Also, boundary layers from previous

stages contribute significantly to the secondary flow
problem. 1If, however, the pressure gradient across the T

blade 13 small, the boundary layer analysis can be

simplified by assuming zero pressure gradient. Commonly, P

the boundary layer thickness on turbine tlading remains
very small over the whole length, owing to the fact that

a decrease in pressure predominates. Again, this remark

e ——

aprlies more to turbomachinesy with larye pressure

differences, but the fact remains that a favorable

. L, A 1 S ¢ &

pressure gradient will tend to minimize boundary layer

spreading.

- 17 -
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Preliminary calculations of blade boundary layer

thicknesses for a typical turbine flowmeter are described

in Section IV. These calculations indicate that the
trailing edge boundary layer thickness is very small
in proportion to the blade spacing, and the pressure
gradient a’ong the blade will be small, which is known
to be the case experimentally.

Any attempt at an analytical description of secon-
dary flows and three-dimensional effects was considered
completely beyond the scope of this study. Very little

exists in the literature describing these effects.

Meter manufacturers have not conducted flow visualization

tests, and they did not have any data to indicate that
these effects were worth pursuing.

3. Blade Shape Effects

In addition to the space/chord ratio, angle of
attack, and trailing edge thickness, other meter geo-~
metry parameters must be discussed in tcrms of the
analytical model. Previous theoretical treatments
assumed a helical blade shape, because it simplified
the geometry of the problem. Since the power require-
ments to drive the roter are small, however, the fluid
is deflected very little in passing the blade, and the
flat plate represents a satisfactory geometry. Because
of the similarity of the velocity triangle and the geo~

metric triangle for a helix, a helical blade will

- 18 -
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theoretically present to the fluid a flat plate geo-~
metry at a constant angle over the total blade height.
Actually this is only true for the average velocity,
since the lower velocities at the meter walls do not
satisfy this condition. Helical blades are used in
the performance model with the option of specifying

a flat blade geometry.

4. Meter Dimensional Effects

The discussions in the previous sections have becn
concerned primarily with the geometry of the rotor blading
and 1ts effect on meter performance. Other meter dimen-
sional effects include changes in the meter body because
of temperature effects, unmetered volume flow through
the annular blade tip clearance area because of manu-
facturing tolerances, and boundary layer displacement
thickness effects caused by boundary layer formation
on the meter walls.

Calibration of turbine flcowmeters for cryogenic

5’6. From this

operation has been cxamined by Grey
analysis, small changes in rotor speed at constant volu-

metric flow rate become:

Aw . ABw - A A(tana ) _ AR
w Ay - Ap) tan < R

It can be shown® that for isotropic materials, this becomes
..A“;_“ = -3 /IAT where AT is the temperature difference

betwecen the operating temperature and the calibration

- 19 -
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temperature. These expressions were derived for zero
blade clearance. Staniszlo and Krause (Reference 7,
Appendix B) have expanded the analysis of Grey to
include the unmetered volume fliow that passes through
the annular blade-tip clearance area. The expression

L w0

for = thus contains additional terms that are functions

of the velocity of the fluid through the blade tip
clearance area. Calculated results are given in
Reference 7, but the importance of the additional terms
is not discussed., Although this analysis is more
generalized, it still has limitations in that it assumes
that rotcr retarding torques do not exist and that blade
blockage is zero.

Minkin, Hobart and Warshawsky (Reference 8) have
theoretically predicted meter calibration factors based
on thermal expansion alone and with the blade tip
clearance and boundary layer effects included in the
analysis of Reference 7 above. Reference 8 implies that
a difference of 0.3% exists due to the added terms for
liquid hydrogen. A portion c¢f this correction is due to
the different coefficients of thermal expansion of the

rotor hub and meter body, and the remainder is due to




the 1nclusion of blade leakage 1n the analysis. A
discussion of the magnitude of thesc terms is found
in Section IV of this report.

5. Meter Dynamic Effects

The bearing design and description is one of the
major aspects of a model of the meter dynamic effects.
In a Rocketdyne report by R. L. Smith (Reference 9),
an attempt is made to expand on the work of Rubin,
Miller and Fox to include the bearing drag and friction
terms to complete the model. The driving torque model
was taken darectly from Reference 2. The resulting
equation for bearing drag is very complex and difficult
to evaluate analytically. The expression was soO
cumbersome that Smith was forced to resort to determining
Llie proper proportionalities with undetermined constants
that hopefully could be obtained experimentally.

‘ine analysis of Reference 9 is an indication of how
rapidly the model becomes complicated when the bearing
drag terms are included. Reference 9 does consider
fluid and magnetic drag in an approximate manner. A
complete model should include fluid drag on the hub and

fluid drag between the blade tip and the housing. The

i e ]
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importance of these effects is discussed in the model

description section of this report.

B. Discussion of Empirically Represented Effects

A portion of the literature search concerned meter
characteristics that could c¢nly be described with empirical
expressions. It was hoped that a thorough search of the
literature would produce information on empirical factors
used by commercial turbine meter manufacturers or sufficient
test data to deduce these factors. Unfortunately, very little
information is available, and even that is generally restricted
to qualitative remarks or limited test data that cannot be
correlated with any degree of success.

1. Meter Installation Effects

The effects of upstream geometry and swirl on meter
operation is generally removed in the test installation
with flow straighteners or sufficiently long approaches.
Zanker, in Reference 10, describes in considerable detail
the development of a flow straightener for use with an
orifice-plate flowmeter in disturbed flows. Although
sensitivity of turbine meters to flow disturbances may
be completely different than orifice plates, th~ paper

does contain an interesting discussion of factors involved

in designing an effective flow straightener.

-~ 22 =~




Inlet disturbances were produced by partially
blocking the flow, by a rotating perforated
plate, and a rotating impeller. Velocity dis-
tributions were measured and the effect of gauze,
honeycomb, and combination straighteners on
settling length were recorded. Although this
report is quite detailed in its treatment of
artificially generated disturbances, very little
is devoted to the velocity profiles of naturally
generated disturbances. Also, the effectiveness
of the straightener is evaluated in terms of the
error in the discharge coefficient for an orifice
plate which bears no known relationship to error
in turbine meter registration.

In Reference 11 by West, the effects of "non-
standard"” installations are discussed in a similar
fashion. West considers the flow around a bend
and the observed bend loss coefficients. He em-
phasizes the fact that the velocity distribution
before the bend and the appropriate Reynolds num-
ber range must be considered carefully because
tests on a particular bend and pipe arrangement are
only applicable to that arrangement, since the para-
meters listed above have a direct influence on the

results., Velocity profiles at different diameters




downstream of the bend are given for different
radius bends and a given inlet velocity condition.
It would be nearly impossible to catalog a com-
plete flow range, since the profiles are quite
asymmetric and adequate empirical expressions do
not exist.

2. Meter Vibration and Transient Effects

The literature was consulted briefly to de-
termine if any meter vibration and transient effects
could be simulated simply with empirical expressions.
Vibration due to rotor unbalance is a very involved
subject and the complexity of expressions describ-
ing this phenomenon makes their use in the model
impractical. This effect is a function of the par-
ticular meter design and cannot be generally described.
Meter manufacturers statically and dynamically balance
turbine rotors and carefully ccatrol bearing clearances
to avoid internally generated vibration.

The effect of external vibration on turbine flow-
meter performance is discussed in a very limited
fashion in most references. An exception is a Potter
Aeronautical gqualification test report on their Model
1-5851, 1.5 to 25 gpm turbine flowmeter which was

mounted on a vibration machine and tested at NASA~MSFC

(Reference 12). Details of the test sequence and
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discussion of the test data are presented in Section V.

3. Orientation and Acceleration. Rffects

In addition to the influence of upstream geometry
previously mentioned, the installation of a flowmeter
is also important in terms of orientation and gravity
loading. Very little could be found on meter orientation
except in References 13, 8 and 12. Smith (Reference 13)
discusses the effect of acceleration on the accuracy of
both high and low frequency one-inch fotter flowmeters.
The high frequency model is unaffected up to 20 g, but
the low frequency model gives 10% or more error at 20 g
for the low flow rates where it is most sensitive. The
data in Reference 13 are limited, and no comparisons
are made with other meters, so no conclusions can be
drawn.

Similar acceleration tests on Potter meters are
described in Reference 12. A Potter Model 1-5851 was
placed on a centrifuge and accelerated to 10 g's while
maintaining a constant flow of 1.68 gpm. Post-acceleration
calibrations indicated a "K" factor shift of no more

than 0.08%.




4, Pulsating Flow Effects

Errors in attempting to measure pulsating flow are
described in References 14 and 15. Reference 14 uses a
control system approach to determine the requﬁse of the
meter to a step disturbance A V,. This analysis indicates
that a pulsation intensity of 0.25 can lead to a meter
error of 3%. However, this is a rather severe pulsation
intensity. (The analysis is based on a fixed blade
angle of 45" to simplify expressions, so the effect on
other blade angles is not illustrated.) Reference 15
recommends a practical pulsation intensity threshold
of 0.1, below which the performance of all types of
flowmetars will differ negligibly from the mathematical
ideal of steady flow. A majority of the meter manu-
facturers consulted believed that pulsating flow was
not that commonly encountered and that errors were
usually small.

5. Test Procedures and Calibration Facilities

The remainder of the literature survey was devoted
to a review of papers dealing with test procedures and

calibration facilities in Government and private industry.




PReferences 7 and 8 are two very recent and enlighten-
ing reports on the calibration and use of turbine type
flowmeters for liguid hydrogen service. Reference 7 is
concerned with the simulation of ligquid hydrogen turbine

lowmeter calibrations by using high pressure nitrogen
gas. 1t emphasizes that for proper s_.mulation the
kinematic viscositics should be the same to insure that the
Reynolds numbe:s of the flow through the meter will be
equal for a given flow velocity, and that the densities
of the fluids should be the same so that the torque-
retarding force balance on the meter is the same for
both fluids at a given fluid velocity. (Naturally, it
is difficult or nearly impossible to find simulation
fluids that satisfy both requirements, but ambient
temperature nitrogen at approximately 60 atmospheres
comes close to liquid hvdrogen.}

Reference 7 also suggests that for complete
simulation the fluids should have the same temperature,
to erisure that dimensional changes are the same and
that bearing surface conditions should be the same in
both fluids. These two factors were not simulated, and

1t is probably quite idealistic to hope that a
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simulation fluid could meet these requirements as well
ae the first two. The tests did demonstrate, however,
that the liquid hydrogen calibration factor at full-
scale can be simulated with nitrogen to 0.4%.

Reference 8 contains an easily-read description of
a typical calibration test program, data reduction,
and data presentation. The report summarizes calibration
terminology, testing procedure, criteria for defective
meters, calibration system reproducibility, and the
effect of use, upstream conditions, and meter orientation
on calik-ation factors. The last two items were of
particular interest, since it was desirable to include
these as empirical effects in the analysis. Unfortunately,
the results were very closely related to meter type
(and manufacturer), being negligible for one design
and significant for another. Since the testing was
conducted by NASA, the meters were not identified as
to model type or manufacturer, and therefore the data
are of little general value. NASA representatives were
contacted about releasing the names of the meter

manufacturers, but they regret that this is not possible.




Accumulated experience during the NASA test program
revealed that a defective meter implied defective
bearings which could be detected quite easily with the
following cruce test: Dblow dry air gently into the
meter and then observe how the rotor decelerates
smoothly, finally oscillating with decreasing amplitude
about the rest point because of the magnetic coupling
between the blade and the pickup coil. Failure to
oscillate is generally indicative of a defective
bearing.

References 16 to 20 are typical of the papers
concerned with the current application of turbine type
meters, particularly in the aerospace industry.
Reference 16 is a very good discussion of calibration
techniques for non-cryogenic liquid flowmeters, con-
cerning the selection and calibration of instrumentation,
types of weighing procedures, and evaluation of equipment.
This paper documents some of the pitfalls in calibrating
liquid flowmeters for those not too familiar with the
procedure.

In the last ten years, a considerable effort has

been expended in private industry to establish the




much more complex cryogenic flow calibration facilities.
Because of the nature of the fluid, the approach to the
storage and measurement of the fluid 18 quite different
than for ambient temperature hydrocarpons. Temperature
compensation becomes important, and the often nonlinear
operation of the meter reguires accurate calibration.
The facilities at Pratt and Whitney, West Palm Beach,
Florida: NASA's Lewis Research Center, Cleveland, Ohio:
Rerojet-General, Sacramento, California; and NBS,
Boulder, Colorado, are described in References 17, 18,

19, and 20 respectively.
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IV. ANALYSIS OF TURBINL FLOWMETER PERFORMANCE MODEL

The primary purpose of the study was to develop a
throretical model of turbine flowmeter performance that
would allow the study of various geometry and fluid effects
without the limiting restrictions of other models. Analysis
of the rotor driving torque is based on the airfoil approach,
which is val:id for rotors with a few number of blades or
wide spacing. For increased blade numbers and narrower
spacing, blade interference effects are accounted for in a
reduced blade lift coefficient, which is described generally
in terms of the variation of the blade stagger angle and
space/chord ratio with rotor radius.

The rotor driving torque is derived for an element of
blade area with thickness dr at a radius r. The total
driving torque is obtained by numerically integrating from
the blade root to the tip. This eliminates the need to
define a mean effective radius tnrough which the blade
forces act. The geometry, velocity, density, and lift and
drag coefficients are expressed generally as functions of
r and included in the integration. Blade interference
effects and the general expression of all rotor driving

torgue parameters as functions of radius have not been

included in previous models. Also, the mudel is valid
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for both helical and flat-bladed rotors of constant rotor
width and blade thickness,

Since the rotor driving torque is directly dependent
upon the fluid velocity, it is important to have a com-
pletely ageneral and well defined expression for the velo-
city profile, as opposed to the effective average velocity
used in previous models. This is accomplished through the
use of a velocity subroutine that predicts the velocity
profile for turbulent flow through an annulus. The analysis
is based upon Reichardt's expression for eddy diffusivity
of momentum and parallels the analysis of tuibulent flow
in a circular pipe. To study the importance of velocity
profile, provision was also made to specify the velocity
profile, forcing the program to use this contour in the
torgque integration. 1In this way one can specify a uniform
or flat velocity profile, the fully developed pipe velocity
profile, or an actual wvelocity profile obtained experi-
mentally.

The approach velocity is used with the rotor geometry
and speed to define the irlet velocity vector diagram.

The departure velocity and angle are related through the
blade geometry to the inlet conditions. Following the
practice accepted in turbomachinery analysis, the lift and

drag coefficients are defined in terms of the velocity at
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ai; angle which is the average of the inlet and ocutlet
angles. Some previous models assumed that the flow
departure angle was the same as the blade angle.
Counteracting the fluid driving torgue will be
several fluid drags as well as mechanical and eilectrical
retarding torques. Fluid drag past the rotor blades has
a component which opposes the driving torgue. As was the
case with the driving torque expression, the geometry,
velocity and drag coefficient are radius dependent.
(Capability for radius-dependent fluid property vari-
ations is available, but it is not likely that this
effect will need to be included.) A similar fluid drag
has been included at the rotor hub. The program also
accounts for blade tip clearance drag at the meter housing. !
The analysis is similar to that used to determine retard-
ing torques for lightly loaded journal bearings.

Because of the flexibility of the program, meter

et

dimensional effects can be readily determined. The ap-

—— -

propriate meter geometry is expressed as a function of

temperature through the definition of a reference state

and the coefficient of thermal expansion for the material.
In this way, the use of different materials for the rotor
and meter body can be accounted for. By directly entering
all of the geometry into the numerical integration rou-

tine, all meter dimensional effects, including manufac-
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turing tolerances, can be accounted for with several test
casecs. In this way, cxpressing the rotor speed change
dircctly in coefficient form as in precvious anralyses

can be avoided and the reflection of the geometry change
in small changes in velocity profile, limits of integra-
tion, etc., can be directly included.

Most of the analysis of retarding torques was focused
on the determination of bearing drag. Provisions are made
in the program for the use of either ball bearing designs
or journal bearings. Recent ball bearing literature was
reviewed, but no running torgque calculaticn routine was
found that would give accurate predictions while avouiding

21

the complex computcr solution of Jones or Scibbe and

Andersoné?, Although these computation rcoutines could be
itncorporated in the torgque analysis as a subroutine, this
approach was not followed because it would require the
performance model user to have a very detailed knowledge
of the bearing design, including the pitch diameter, race
curvatures, initial contact angle, etc. It was concluded
that this information would probably not be readily avail-
able tc the user, who might also be unfamiliar with the
terminclogy. For these reasons, it was more practical to

obtain the running torque from curves of t>rque vs speed

and load cntercd directly into the program for the partic-

ular bearine nd fluid combination associated with the
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meter being tested. These curves or tables are obtained
by direct measurcnernt or from analytical predictions made
by bearing manufacturers familiar with design deteails,

In this fashion, lubricity effects will be incorporated
as directly measur-.d for a bearing design, and uncertain
analytical predictions can be avoided.

The bearing thrust load, which ietermines bearing
drag, is composed partially of the axial components of
the driving force and the fluid drag on the rotor blades
and hub. Blade flow blockage and acceleration loadings
also contribute to the bearing thrust load. The bearing
thrust load is integrated over the blade length in the
same manner as the driving torgue. The total thrust load
is then used to specify the bearing torque ot the given
speed.

Because some meter designs employ journal bearings,
a retarding torque analysis was made of a simple journal
bearing. These bearings are lightly loaded, so the
effect of radial loading on drag was not included. The
analysis was included primarily to account for the Potter
designs, which have a "floating" hub, and therefore
thrust loadings were also not included.

Finally, as part of the study of turbine rotor re-

tarding torques, the drag contributions due to typical

magnetic and RF pickups were determined. The primary

.
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objective was to determine generally the order of magni-
tude of these retarding torques in comparison with the
bearing drag and other fluid drags. The RF pickup had
virtually no cffect on the turbine rotor; however, the
magnetic pickup exerts a retarding torque, which was in-
cluded in the overall rotor torque balance equation.

The previous paragraphs ha&e described briefly the
features of the program and the various components of
the rotor torque balance equation. The actual rotor
speced is determined by assuming a given rotor speed, cal-
culating the magnitude of the driving and retarding tor-
ques for that speed, and then iterating on the rotor
speced until the sum of the toryues equals zero. Thus,

the actual rotor speed will correspond to the condition:

Driving torques - blade fluid drag torques -
rotor hub fluid drac torque - blade tip
clecarance drag torque - bearing drag - bearing
retarding torques - magnetic pickup retarding

torque = 0.

A more detailed description of these terms and the
development of the theoretical model to include these

cffects is given in the following paragraphs.




A. Blade Interference Effects

A portion of the literature surveyed and the dis-
cussion of the previous section dealt with blade inter-
ference effects and the importance of space-to-chord
ratio or other solidity parameters on lift and driving
torque. The general conclusion to be drawn from these
remarks was that a variable lift coefficient must be
included in a driving torque analysis. This analysis
should also accommodate a departing flow angle different
from the blade angle. The analysis outlined in this
section is based on the application of potential theory
to incompressible inviscid two-dimensional cascade flow
to include these effects. The cascade or rotor geometry
defining the nomenclature used is shown in Figure 1.
Straight cascade theofy can be applied properly to study
blade interference effects in an actual rotor where the
blades diverge, because the lift coefficient Cj; and the
space-to~chord ratio s/c are calculated at a given radius
and vary continuously with‘r, and are in this fashion
integrated into the driving torque expressions. Since
most turbine theoretical models use straight-line blade
profiles, a potential flow analysis requiring straight
blades is not a severe restriction. The analysis is sim-

ilar to that given in Reference 4.
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Treatment of the pfoblem requires the conformal mapping
of the exterior of a cascade of straight-line profiles into
the exterior of a circle. Any strip of the cascade located
in the 2 plane cén be mapped conformally into the inside or
the outside of a circle in the § plane. The origin and goal
of the cascade flow are transformed into a vortex source and
sink in the §' plane at the points -R and +R respectively on
the real axis. Since our main interest is the effect of
spacing on the lift coefficient for flow through the cascade
with an angle of attack, the complex potential may be consid-
ered as the superposition of a . flow parallel to the straight
line profile as mentioned above plus a free flow velocity
normal to the profiles, which gives additional vortices at

*R and ¥1/R as functions of the circulation.

y*

zZ = X + iy

'~

/' ’

{
W(e R = it g S

Fig. 1. <“onformal mapping of 1 straight-line profile cascade
on the unit circle with symmetrically located singularities.
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The key parameters in the solution are the blade angle
§' relative to the hub axis, the space-to-chord ratio s/c,

an angle (g; that defines the branch points of the circle,
the pcsition R of the sources and sinks, and the ratio
CL/CLj of lift with blade interference to single profile
lift. Three distinct equations involving these parameters
can be solved tu obtain Cp/Cp; = f:(s/c, dH.

The three equations that result from the transformation
are:

2.
(1) tan 4, = (tan ) R-1

2 R ¢
c 1 R + 2R cos st +1
(2) E=7_7:{cosx\ln (R2—2R cos O(StTI)

o
(3) ‘L = K, = 4 s R cos st
CLi ™ c R2+1 cos ¥
where € = 2 ™ K, sin S (actual) X = effective angle

of attack

The parameters of Equations 1, 2 and 3 above are
related as shown in Figures 2, 3 and 4 respectively. This
modification of the lift coefficient with space-to-chord
ratic {s/c) and stagger angle ( ¥) must be incorporated

in the driving torque analysis.
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B. Rotor Driving Torque Analysis

As mentioned in the introduction to this section, the
torque expression is derived for an element of blade area
cdr at a radius r. The total torque is then obtained by
integrating this expression from the hub radius Rp tc the
tip radius Rp. The fluid inlet velocity is assumed to be
axial, and varies wich radius as calculated in the velocity
subroutine. For meters with a pre-swirler, the approach
velocity is calculated in a different manner.

Figure S5 shows the velocity vector diagram for a tur-
bine meter blade with absolute inlet velocity V; and tan-
gential blade velocity r W, . The axial component of all
absolute velocities is V., and must be constant for a given
flow area to satisfy the continuity equation. The inlet
velocity relative to the blade U and the relative exit
velocity Up; are not assumed egual as in previous studies.
The inlet velccity makes an angle /3 with the meter axis.

-~
a€

The exit velocity makes an angie =

with the meter axis
which may be different from the biade angle. (Some earlier
studies have assumed that the exit angle is independent of
the approach angle /4, and that the exit velocity is al-
ways parallel to the blaade. Potential theory indicates

that this is true only for small spacings of s/c < 0.7,

which 1s generally not the case in turbine meters.)
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Fig. 5. Velocity Vector Diagram for Turbine Meter Blade

Following the practice in turbomachinery analyses and
cascade theory, it can be shown that the vector average
of the velocities upstream and downstream of the cascade
plays the role of the veloc%ty at infinity for an isolated
airfoil, since the blade force is normal to this velocity
for an inviscid fluid. Therefore, the 1lift and drag co-

efficients are defined perpendicular to the direction of
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the mean flow velocity

Ul +ﬁ2
2

-
u =

The mean flow velocity direction and the normal to the

cascade axis have an included angle’ga defined by:

tan 8 =%—(tan /41 + tan /3 2)

The effective angle cf attack is defined by
£= 08 -4
rather than by the difference betwean y and the inlet

velocity angle /?l. The exit velocity angle/;?z must be
known before the effective angle of attack can be defined.
Since the exit velocity angle is a function of the space-
to-chord ratio s/c and the stagger angle X , blade spacing
and interference effects are incorporated in this way also
in the determination of the lift coefficient.

The 1lift and drag forces must be resolved into com-
ponents perpendicular and parallel to the rotor axis. The
driving torgue comes from the lift component less the

induced drag component:
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dT = Nr (dL cos /3, - dD sin /4_ )

2
where dL = (1/2/ Uy ) CL (¢ dr)

c, =2 K, si
L » K, sin &
S= 8 -4,
K = L. ¢ (9 3\ from the potential flow
© Cly '~ analysis of cascades
_ ; 2
v = (12~ u,") ¢ (e dr)

For smooth flat plates in turbulent flow and zexo angle

>f attack:
-1/5
C. = 0.074 (Re )




From the mean flow velocity vector diagram:

v
U = -z
«© cos 4,
where V, = absolute approach velocity = f(r);
v 2
and au = |% » 2 2 MK, sinf c ar
7 cos?/,
sz
= e B
dp !5/ > Cp ¢ dr
cos‘ &,
- 2 2 Ko sin & .
Thus, dr = % v," ¢ N[ cos 2. Cq slnzé r dr
‘ cos” 4,

At this point, it is desirable to introduce some
expressions relating /31. /5‘2, J: , and ﬂ, through the

lift coefficient. Usually the lift coefficient is defined

by:
c = _2T
L Ug C
where N = s vV, (tan /3 5~ tan /.31)
vV,
and S s —
> cosﬁ&
There fore, CL = 2 % CcoOs /_{o (tan 32 - tan /_’-,‘ l)
but C, - 27K, sin & also.
Equating,
s C
2 ¢ cos B (tan /82 - tan /.31) = 27K, sin ©
or _L (tan/,g‘ - tanﬂ ) = §Lc’r__
2 1

nijn

mK, cos 4,
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This substitution can be made directly into the torque
expression on the previous page., Other useful relationships
cin be obtained from trigonometric expansion of the term

on the raight:

. ¢ .
sin v _ gin (& ~T/€-_)
cos /_,3; cos 43,

_ sin & cos 2, - cos ¥ 8in Ae
= 7 —~7
cos /3,

= sin § - cos 4 tan 3,

= sin y - EQEEJQ—- (tan /41 + tan//32)

s 1
Thus, c A K (tan .*32 - tan/é’l)

<
= cos & [tan B‘ - (tan/ﬁl +tan/ 2)]
2

Let the deflection coefficient g be defined by:

K, 7 cKocos #
q = =
2 s 1 2s
T c cos X
= 2R Ccos o
R® + 1 st

The deflection coefficient q 1s a function uf the space-
to~chord ratio s/c and the blade stagger ¥ , and can be

corputed by making use oI previously calculated terms.

This dependence 1s shown i1in Figure 6.
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: ) {tan 4, + tan ,/3_)
Then = tan ¥ - - 7 2
2q 2

or, aftorr some algebra,

tan 2_ - tan /3
o tan L g

tan Y - tan /1’1 1 + ¢

Since K, = f( & s/c) and q = £(K,. 8/c, J'), then /42

can be determined as a function of 3 1 and the geometry.

Having related , ’:’2 to /’31 through gq, we can return to the

substitution in the driving torque expression:

2 tan %.
d'I‘=1'§p‘V(r)cN[2ﬁ (tan 23 -tanﬁ ) - C _a_,_ r dr
/ | < 2 1 D cos 3,

From the velocity vector diagram relow:

U, Up =V, tan .3 ?

U ) ' R
" Vz tan Ipdl

(tan 4 , + tan & )
1 ,

-

[end
[}
H
—
<
N
~
+
[
N}
<
— r\)iN
-
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U, vzl1+&(tan/a'l+tanﬁ2)2j

or =
2 VZ- | 2 -!5
cos /o = I_J: = l 1 + %(tan /41 + tan/é’z) }
) Us tan /%, + tan 73
tan /--‘(‘ = w“ = / 1 4 2
Vz 2
t é (t + tan 3 5) 2 s
or L= = an 21 1’2~»[l + Y4 (tan + tan ) ]
cos A 2 1/51 /3 2
Thus, dT = % pv2 rz-s-’t 5, -t
us, = 70V(r)CN'i -(tan 3, an’/fl)
- c (tan <, + tan 3 )) L+ % L2 X 5
D > (tan/‘l**tan/a 2) r dr

Using the previously derived ewnreeeion rclating &7
to the blade geometry and inlet angle:

tan 3, - tan 4. = —29 (tan ' - tan

)

But from the velocity vector diagram and definition of the
lead of a helical blade:

rwa

t =
an A T

tan § = _2_?55
so that
tan /3 - tan & = 20 [27r - f “a
2 Sl 1l +¢g L vV(xr)
tan + tan %
or ﬂ 2 , 1 = qg__ 2 :TI',-} 1 rwa
2 1 +ql| L 1+ q( V(r)

o s+ e ar 1 e




Finally, therefore, the driving torque becomes;

T =£\RT/9V2(L')NS li‘lq(zlzr-z_(;)_)a)rdr

rw
- v -9 | 2zr}s 1 a
chM/o (r) oN l+q{+)+l+q(ﬁ'ﬂ'
Y
X
rWw 2
q arqr 1 a
1l + 1+ g ( 3 )+ T+ q ( ) ’ r dr

The driving torque expression given above includes
modification of the theoretical lift ccefficient for blade
interference effects, but the single profile lift coefficient
used 18 that of an ideal infinite wing without accounting for
a fini&e aspect ratio or blade "airfoil" efficiency.

For a blade of finite length:

c A \zm-xo sin &
pl

act 2A
1 + AR
where )_ = blade "airfoil" efficiency (0.9 A_ <1.0)
- 2
AR = blade aspect ratioc (Rp Ry)

blade area

Defining an effective lift experimental factor € :

€= 1+ ZA

AR

1
n
[ N]

!




the first term in a driving torque eguation becomes:

{RTG/ \/"'}(r)Ns(l:2 ‘(2"}:1- xWa r dr

+ 4, v(r)

It is apparent that integration to obtain a closed form
expression for driving torque is not possible, partly because
of the desired dependence of dercity and velocity on radius.
Therefore, numerical integration on the computer was chosen
as the method for obtaining a solution. For a given radius,
the rotor configuration specifies s, ¢, ana 4§ , which
give K, and gq. The velocity and density at r are specified
from the flow conditions and the integrated driving torque
can be cgbtained. For the case of flat blades, the term

27T can be replaced by tan ) in the torque expression and
T

the blade stagger angle substituted directly.

C. Rotor Hub Fluid Drag

The fluid friction drag on the rotor hub has a component
which contributes to the fluid retarding torque. The fluid

drag on the rotor hub is:

. e
Fh = (55/9 U, ‘)h Cp A cos A
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|
1

The rctarding torque becomees:

Ty, = MN(» U:)h Cp(Cs cos & ).h sin 8, R,

2
tan -
kN(povV )h CD(Cs cos { )h —L By

cos ﬁo

2 tan 4., + tanﬂ
1 2
BN(/‘,V )h CD(Cs cos & )h( £ > . )

[l + %(tan/:"l + tan/éz)z] " Rh

lsN(/ovz)h c,(cs cos &' N
\ { 1
(l—-—‘i—a’ tan {4 +h_+_q.’ tan /dl
X

2
-9 1
1 4+ (1+q tan § +(l+q)tan/31 Ry,

Vh must be an effective free-stream velocity in the vicinity
<€ the hub, =zirnce ’.,'.n +8 .o ' 2ally zeros for viscove flow. The

value used in the numerical case was taken as the mean flow

velocity v.)
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D. Blade Tip Clearance Drag

As the meter blades rotate in close proximity to the
meter body, a blade tip clearance drag imposes a retarding
torque 2n the rotor which is dependent upen the clearance.
The retarding torque is very similar to that in a journal
bearing, and the analysis 1s based on this analogv. The
drag 1s proportional to the friction fazuor which is a
furction of the Reynoids number based on the rotor clearance.

The retarding torgue 1is:

T L N
BT S )8 Ry

where W = EU-
a T

0.078
f = -

Re0.43

Thus T = _0.078 _ W ? R ? ct N
! BT ) rel<43 7 a m

wa Nt (R T R
/ /‘

This friction factor, based upon the bearing analogy,

where the Reynolds number is defined as Re =

may be somewhat higher than actual. A similar calculation
was made exprieseing the klade tip clearance drag as a
function of the drag ccoefficient based on the hlade
thickness; however, this calculation was not considered
valid, s nce the wcontroliing dimension should be the

clearance. Hence the bearirng analcgy is preferred.

- §5 =~
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Ef Velocity Profiles
This study is restricted to fully developed turbulent

flow with the meter located a distance downstream of the
inlet that will guarantee fully formed velocity profiles
( ~~ 25 to 40 diameters). The discussion in this section
is also restricted to smooth pipes. Empirical correction
factors will be necessary for other pipe conditions.

Several options exist in the program to specify the
velocity profile. A subroutine permits the calculation
of the ve;ocity profile for turbulent flow through the
annular rotor area. The option also exists to specify the
velocity pr;file based on a curve-fit of experimental data,
or predicted analytically tc study other effects. The only
restriction is that the velocity profile be axisymmetric.
This limitation is necessary, because withcut it the
integragion routine would become very complicated, requiring
weighting of portions of the annular flow to get aquivalent
average velocities, etc.

To study the importance of velocity profiles, a
calculation routine is also provided to determine the fully
developed pipe prcfile. However, the application of this

routine is not recommended, because flow through the
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straightener and rotor hub areas is better described by the
annular flow subroutine.

1. Annular Flow Velocity Profile

One of the most thorough studies of flow in annuli
is that of Levy, Reference 23. The analytical predictions
of the velocity profile, plane of zero shear, mixing
length, eddy diffusivity, and £friction factor provide
very good agreement with test data. The analysis is
based upon Reichardt's expression for eddy diffusivity
of momentum, The theory parallels that of flow in a
circular pipe and requires only the assumption of the

form of the eddy diffusivity of momentum and a mixing

length constant near the outer tube wall.

It is interesting to rote that the point of maximum
velocity for turbulent profiles in annuli does not
correspond to the midpoint cf the annulus, and therefore
the inner and outer portiors of the velocity profile
curve will be different. The velocity profiies starting
from the rotor support hub and the outer meter wall have
the same velocity and eddy diffusivity at the plane of

Zero shear.




"R Y

The following equations are necessary to obtain the
desired solution. Details of the analysis are found in
Re ference 23. (Several mistakes found in this reference

have been corrected below):

R S PN [I.Sy+ 1+n J + 2s(l - 8) _ 1n

K 1 +2n°2 K(1L + 8) (28 - 1)

2
s(l - 8)(1 - 38) 1 + 2N
+ K 5 3 ln(__g_—_’
K(1 + 8)|s +8(l—a)]

* 16+ lnz{"l(-lﬁ. 8) : 6;
) [f=s) 4

‘ -1 -1
| + E {1 - 8)s tan V2 - tan _n V2
K 1l + 8 52 +% (1 - 3)2

: +14.84 - 1 in 42
| K (1)
VZ

(&7 _
- [
y+ = (r Rh) B‘kL//n
-l

>
+t = (Rb-r) A for r 7 Iy

- ‘
} where u =

for r ¢« 1

m

y =
n r-r,
R—rm
r
8 = W
R
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Equation 1 15 va.id on both sides of the annulus. For the
region near the meter body wall, subscripts b should be
used with the terms K, 2;\, s and R. Subscripts h apply

to the region near the rotor hub.

~ 2
- Rh = E’p_(rm - 2 (3)
DRb Ry By
K 5o L
I I
Ki R'b Ry Rb+rm

N
LN f\Rb A (4)
Kl (—R‘h B

where A = 1n 1,5 + 1n Iﬁ';y-__fm' \/ gb//a

(1 =) -1 °
e | Jll-sJ”J
sy (1 - so)ﬁtan- ﬁ

2
(1 + 5,) [80 + X(1 -~ so)

2]+ 14.84 Ko - 1ln 42

(5)
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The term B 18 given by the above expression except for

substitating . &5, 8 and K, for . ™~ . 8_and K_.
*h R, 1 i Ry, Ry, (o} o]

c 3/2
C/p 1 - 1 5
Ry -t ) VR : K | :
o 15 e [
y e 1 - E; b (a)
(6)
Ty >
- 7 /
(l'm Rh) Rb - (Rb - rm) / &
3 T3 K, ®)

where Re is the Reynolds riumber expressed in terms of the
hydraulic diameter of the channel:

Re 2VRb(l—R—b)

5

The calculation procedure 18 as follows:

*
(1) From the design volumetric fl.w rate q, determine
the averaye velocaity U from:

v o= zﬂ_ 5

LTovy avari v
e Qphradiila

tiun in the swirler regicon, the average
velocaty U, is:

v = g

-] ra K

os is ) - Ntg (Ryg = Rig)
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(2) Calculate the Reynolds mimber based on the hydr: lic

diameter from:

R

h

R(l-i_ » V 2{(Rn, - Ry)

b _b or /2 b h
J- /A:,

Re = 2v

(3) For the first approximation, the usge of the hydraulic
diameter to predict friction factor based on smooth
pipe friction factor relations is satisfactory:

¢ = _0.046

Ccher friction factor expressions (as a function of

pipe roughness) can be substituted if desired.

(4) KO is taken equal to 0.4 and a value of r_ is
. (Ry - r) 1o 7/
assumed. Calculate L m Ry from

/a8

Yt a
v

(5) Calculate KO/Ki from Equation 3.

C /

(rp - Ry) Ry {;
(6) Calculate 27 from Equation 6(b).

o~
(7) Calculiate _MRb from Fguation 2,

CR

h

(8) calculate s,, &; and "l5, ‘l; from Equation 1.
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{(9) Calculate A and B terms from Equation 5.

('0) Repeat Calculations 1 through 9 until Equation 4

is satisfied.

{11) The velocity distributions are finally calculated
for Equation 1 giving V, = f(r) for substitution
in the driving torque equations.

Because of the logarithmic relationship between u¥ ana
y+, some difficulties are encountered in evaluating the
velocity profile extremely close to the walls. In this
region, the velocity profile can be considered to be
reiatively independent of the annular configuration, and
will follow the profile that would exist in a full pipe
profile. 1In this region, the expression u+ = y+ is commonly
used for values of y+ less than 5.0. This assumption is also
made for the annular velocity profile calculations.

2. Fullv Developed Pipe Velocity Profile

Turbulent flow through pipes has received considerable
attention in the past because of its obvious importance in
many fields. A large part of this work was experimental,
with the most significant work in the area of velocity
profile determination performed by J. Nikuradse. A dis-

cussion of his work is found in Schlichting, Reference 24.
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Nikuradse carried out a v2ry thorough experimental
investigation into velocity profiles in smooth pipes over
a very wide range of Reynolds numbers (4 x 103 < Re <
3.2 % 106), where Reynclds number is based on the mean
flow velocity v and the pipe diameter D: Re = %;; .
Nikuradse found that it 18 possible to represent the
velocity profile by the empirical expression:

vin) =(1_)%

Vmax R
where the exponent n varies slightly with Reynolds number
and vmax is the maximum velocity in the cross section,
Using the expression above, the ratio of the mean to

maximum velocity v/vmax is found to be:

2
2n
v

max (n + 1) (2n 1 1)

v

The values of n increase slightly with Reynolds nunber,

as shown in the table below and Figure 7.

Re n

4 x 103 6.9

2.3 x 107 6.6

1.1 x 10° 7.0

1.1 x 10° 8.8
5

2.0 x 10 10.0
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For a given flow rate and pipe diameter, the Reynolds
number can be obtained and the velocity profile determined

from:
1

vir) = |y )“ (n + 1)(2n + 1)
v Ry, 2n<

The velocity profile given above is for turbulent flow
in an unobstructed pipe, and represents the flow upstream
of the metering section. 1t should not be confused with
the velocity profile at the blade inlet section, since the
flow straightener, rotor hub and housing obstruct a portion
of the flow, resulting in a different profile. The actual
profile may be a transition flow approach.ng the annular
profiles. The presence of the flow straighteners suggests
that the annular profile is a better representation of the
actual fluid behavior than the fully developed pipe profile
just described. One reason for this is that zero velocity
will exist at the hub support, which will not be true for
pipe flow profiles. Therefore, the fully developed pipe
profiles are not recommended for actual use, and were
included in the program only as a tool to study the

importance of velocity profile on meter performance.
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The final velocity profile option 18 the provision for
specifying the profile by means of constants obtained from
the curve fit of experimentally measured profiles or a
theoretically specified profile for parametrically exploring

the effects on meter registration.

}. Metur Dimensional Effects

Although the study is concerned primarily with storable
propellants, the importance of meter dimensional effects
can best be illustrated for cryogenics. The problem of
temperature compensation in calibration factors for cryogenic
operation was first treated by Grey in References 5 and 6.
More recently, Staniszlo and Kxause7 in NASA TND-3773
published a derivation of a thermal correction factor for
liquid hydrogen that included al.icwances for blade tip
clearance and boundary layer effects. Reference 8, a
companion report, presented data indicating that a
difference of 0.3% could exist due to the added terms for

blade tip clearance. The expressiocn .5 given below:

3 2 2 -1
2:.2h D, —DBR\ v N 1
St .-goaT|3+ 'dRz - I 2n _ Py~ b
w v
Dy - D s D: n:
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The first factor, —%5‘AT, was originally derived by Grey
and the remainder represents the correction for blade-tip
clearance effects. The predicted 0.3% change seemed quite
large, and for this reason a sample calculation was made

using the conditions outlined in the analygis;:

/% = 6.1 x107° in/in 303 Stainless
-6 . . .
/5 = 3.9 x 10 in/in 17-4 PH Stainless
R
AT = -447°F

Of the 0.3% change due to blade tip clearance effects,
a portion of this correction is due to the clearance change
caused by the housing and rotor having different thermal
coefficients of expansion, and the remainder is the true
correction term for including clearance leakage in the
analysis. The calculation indicated that 0.11%, or
approximately one-third of the correction, is due to the
inclusion of clearance leakage in the analysis.

Both References 6 and 7 have based their analysis on
geometrical relationships which are true only if there are
no retarding torques, Since the purpose of this study is

to develop a general model, with retarding torques and

variable velocity profile, the approach used in the above




references does not apply. Dimensional effects are therefore
included by making the appropriate geometry temperature-
dependent by defining a reference gecmetry and the appropriate
coefficients of thermal expansion. In this way, different
coefficients of expansion for the rotor and meter body can

be included,

Assuming isotropic ma‘erials:

%
R, = R, (L+ 4 _am

Rbo 1+ 8 A7)

o
R, = Rp (1 + 7 OT)
o
whr re /gb = coefficient of thermal expansion for

the meter body

/?r + coefficient of thermal expansion for
the rotor hub and blades

With these expressions, a change in operating temperature,
and hence meter geometry, results in a change in the mean
flow velocity and velocity profile for a constant flow rate.
Changes in these parameters appear directly in the torque

eguation and limits of intcgration.

G. Model Flow Rate and Fluid Property Reguirements

The turbine flowmeter performance model is restricted

to fully developed turbulent flow of a single-phase
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incompressible Newtonian liquid. This implies restrictions
on the flow rate, line pressure, and approach length upstream
of the meter. The transition from laminar to turbulent flow
occurs somewhere in the Reynolds number rangz cf 2300 to
4000. To insure fully turbulent flow for less than meter
design flow rates, the model is restricted to flows with a
minimum Reynolds number of 10,000 at the actual flow rate,

Since the performance model is restricted to single-
phase fluids, the pressure downstream of the meter should
always exceed the fluid vapor pressure by at least 25%. i

The inlet length required for fully developed turbulent
flow is considerably shorter than for laminar flow. Experi-
mental measurements of inlet length by various investigators
reported in Schlichting (page 502) vary from 25 to 40
diameters in one case to 50 to 100 diameters in another. As
a general rule, a minimum of 40 pipe diameters should exist
between the supply tank and the meter.

Most turbine flowmeters contain flow straighteners
upstream of the rotor to remove any swirl the fluid may
have acquired in passing through upstream elbows and other
piping. Where straightening vanes are not employed, a

straight run of pipe upstream and downstream of the meter
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is required. 3Since these requirements are experimentally
determined, there is some variation in the length of pipe
recommended. The American Petroleum Institute, Reference 25,
recommenda 10 pipe diameters upstream and 2% diameters down-
stream as a minimum. The American Gas Association,

Reference 26, has prepared similar data for orifices, and
recommends from sixteen pipe diameters (for the case of a
simple el) to 40 diameters (for els in different planes)
upstream. A minimum of five pipe diameters downstream

is recommended.

H. Blade Boundary Layer Growth Calculations

The driving torque and blade interference analysis
assumes incompressible inviscid flow. As mertioned in
earlier sections, a viscous flow analysis of the blade
boundary layer region and trailing edge wake appeared to
be beyond the scope of the study, because these effects
were of primary importance in turbomacninery with large
turning angles and pressure differences, and would be
less important ‘n turbine flowmeters. To conduct this
analysis, 1t would be necessary to determine the ideal
potential pressure distribution around the contour of the

blades; the boundary layer on the blade; and the losses

- = ey e e e o o
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due to mixing in the wake behind the cascade. Therefore,
a rough boundary layer growth calculation was made for a
typical 2", 225 gpm turb.ne flowmecter to determine 1f the
boundary layer was small enouch to be neglected.

The metex had a rotor hub and body diameter of 0.834"
and 1.781" respectively. Calculations were made for
maximum design flow rates in water, N204, and 50/50
hydrazine blend. The boundary layer thicknesses at the

trailing edge were:

Fluid 5

F,0 0.014"
N,O0,4 0.011"
50/50 Blend 0.014"

These boundary layers represent from 4% to 9.5% cof
the spacing (on a l4-bladed rotor) at the tip and hub,
respectively. Therefore, there is little possibility of

boundary layer interaction in the blade row.

Note that the numbers given above are for the boundary

layer thickness which 18 approximately eight times the
displacement thickness, and therefore the portion of the

flow influenced by the boundary layer is very small in

proportion to the total flow.




I. Modification of Velocity Vector Diagram for Preswirler

Several meter designs employ deflection blades at the
end of the strai'htening vanes to impart to the fluid an
in-entional swirl as it appronaches the rotor bladea. These
deflection blades are integral with the flow straightener
and are con.nonly formed by inclining the trailing edge of
the straightener blade to the desired angle. Generally,
the number oi preswirl blades is less than the number of
rotor blades, and space-~-to-chord ratios are larger.

The use of intentional preswirl upstrecam of the rotor
blades came about through empirical studies with previous
meter designs. Meter manufacturerg fourd that blade "ength
had a direct bearing on the Reynolds number region in which 3
"viscosity hump" occurred. This problem was solved by

shortening the blades, but the meter characteristic was no

et
'.4 .
v
v

longer fla n the high Reynolds number regime. T reugh -
experimentation, it was found that che use of preswirlers

lifted the high Reynolds numker end of the curve to give a

flat characte.istic.

An analysis of the preswirler is necessary since it

modifies considerably the approach velocity vector diagram

for rotor. ©5Since the space-to-chord ratio may be large with




a few number of blades, complete fluid guidance ca.not be
assumed and the actual departure velocity and departure
angle must be calculated. The analysis is virtually identical
to that employed in the analysis of the rotor, since the
preswirler if just a fixed cascade. The previous expressions
are somewhat simpl_ fied, because the angular velocity terms
are not present. Therefore, the same equations can be used
to calculate a deflection coefficient as a function of the
preswirler space-to-chord ratio and blade stagger angle,
The deflection coefficient and velocity vector diagram allow
the calculation of the departure velccity and angle,

The flow is deflected in the direction of the rotor

rotation as shown in velocity vector diagram below:

¥

ruy

Blade interference effects and a deflection coefficient
can be calculated for the straightener using the same

expressions as fcr the rotor:

tan ez-tan(ﬁ"l . ‘ 2q)

tan K —t.an(‘ll 1l + g

straightener

- ’]J -

- ——— . e

A o mama dem




where q =

Thus, tan

f(s/c, ofl , etc,) and tan d*l = 0,

tan o«

G - |2a_
2 1l +4g

In some meter designs, the flow straightener hub and

rotor hub have slightly different radii.

However, the

continuity equation must be satisfied, and therefore the

straightener axial velocity will be modified slightly.

2

2 2 2
VZTF(ROS-RiS) =V, m(R, -~ Ry )

8

Vz

R

R

2 2
_{Ros ~ Rjg

B S S A
Ry = Fn

The velocity vector diagram at the rotor becomes:

tan 5{1

t 43
an /)l
The rotor

of preswirler

Ro: "Ri;
2 Vz, =(l_2.§_.a tan « ——Rb-z—_-—R;r Ve,
8
rwy - x
vz R 2 _ R452
rw, - ll-zg—q-) tano\‘ Rbb- R;z—} st
Vg

torque equation can be evaluated for the case

designs by making the same substitution for

- 74 -




- Y o m—

F

tan /31. In the above equation, V, is the axial velocity
for the rotor annulus at radius r, and V, is the axial

8
velocity for the flow straightener annulus.

J. Pressure Drop Calculation

An accurate analysis of the pressure drop through a
turbine flowmeter requires a study of the effect of blade
thickness, spacing, and departure angle on friction losses
and downstream energy dissipation in the fluid wake.. As
mentioned in earlier sections, a detailed analysis of wake
dissipation effects is beyond the scope of the program
without an accompanying pressure distribution and boundary
layer analysis. Therefore, a wake analysis will not be
performed, although those interested in further reading
on this subject should consult Reference 4, pages 75-79,

A simplified way of deacribing the energy loss which
occurs in the viscous flow through a rotor or cascades is

through the introduction of a dimensionless loss coefficient:

§ = __éLJ%, = loss in total head
v g,avz dvnamic pressure of axial component
/

A discussion of the calculation of loss coefficients of
a two-dimensional cascade is found in a paper by Schlichting

{Reference 27). Application of boundary layer theory to a
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cascade in at least an approximate manner is necessary to
obtain the relation between the loss coefficient, the i.
deflection coefficient, the angle of inflow, and all the
gecmetric parameters of the caacade. The deflection
coefficient has been obtained from potential theory, but
the loss coefficient can only be obtained from viscous-flow
theory. As summarized by Schlichting, the losses associated
with a cascade consist of losses in the nonseparated
boundary layer; of additional losses due to separation if it
occurs; and of losser due to *urbulent mixing in the wake.
Because of the small angles of attack, sgepnaration is not a
problem, The losses due to wake mixing will be omitted as
previously discussed to simplify the computation, so in
this regard the pressure drop calculation is approximate,
The loss coefficient obtained i .om Schlichting

(Reference 27) is:

§ . 20

\' cos2
fgz corr

where @ denotes a dimensionless momentum thickness obtained
from the momentum thickness at the trailing edge of the

blade by the following formula:

Lgts + (9 t‘P
O = _ _
< COSs b 2 corr
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where C;ts and C;tp denote the momentum thickness at the
trailing edge for the suction side S and the pressure

side P of the blade. The expressions also contain 1/g2 corr’
which is the angle of outflow in potential flow corrected

to take into account the influence of the boundary layer

on the potential flow. Since the blade turning angles and
pressure drops are small compared to those of conventional
turbines, the influence on the angle of ocutflow should be
small. For this reason, /32 from the potential flow analysis
will be used in computations given above. Because the blades
are flat with no camber and run at very small angles of
attack, the trailing edge momentum thicknesses should be
comparable. Combining the previous expressions based on

these approximations:

- (5/0\/2 ) s cos§/5
2
@, = 0.036 ¢ (Re,) /?

In addition to the viscous losses due to the blades,
there is the additional friction loss on the meter walls,
as in any pipe:

2
Ab = v e 4fL
¢ (5/;7 pipe’ (—IT_)

0.0

where I. = meter length and £ =
(Rep)™
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The expression given above cannot be properly applied
for flow through an annulus, however, The pressure drop
through an annular space of inner diameter Dl and outer

diameter D, taken from McAdams (Reference 28) is given by:

AP 32,Aty
al 2 2 02 _p2
2.3 loglo (Dz/Dl)

This expression is preferred in the annular region between
the hub and the housing approaching the rotor. It is also
applied in the annular region between the flow straightener

support and the meter body.

K. Bearing Retarding Torgques

The complexity of bearing drag or retarding torque
expressions was mentioned briefly in the initial literature
survey. A majority cf the recent references in this field
are Saaed on the paper of Scibbe and Anderson, Reference 22,
This analysis is based on the assumption that ball spin
torque is the major contributor to total bearing torque.

To properly use this analysis, one must have a detailed
knowledge of the bearing design, since the major parameters

incluue inner and ocuter race contact angle, pitch diameter,
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race curvature, ball diameter, outer race ball load,
coefficient of sliding friction, etc.

Generally, it would be expected that a user of turbine
flowmeters, interested in turbine meter performance, would
1ot be familiar with the design details of a particular
bearing used in a meter. 1In addition to the complexity of
the torque expressions and the many unknowns, these para-
meters can vary widely with axial and radial clearances,
which in tu.n vary with temperature. This has been pointed
out by Smith in Reference 9, where the direct use of the
ball bearing torque expressions in a turbine flownmeter
analysis was not practical for these reasons. The most
convenient way of introducing bearing retarding torques
into the turbine meter analysis is through retarding torque
speed and load curves or tables obtained by direct measure-
ment or from analytical predictions made by bearing manu-
facturers familiar with design details.

For those interested in thz design ¢f a turbinc meter
and important factors in obtaining low bearing torque designs,
References 29 tco 31 should be consulted. Of these,
Reference 31 is more directly concerned with design para-

meters affecting bearing torque, and gives certain general




o e a0 Pet— .

rules for wu.-ing geometry design that will give an optimum

bearing {(minimum torque and maximum life):

1'

The contact angle should be as large as the practical
design of the bearing dictates, since a change in the
contact angle has a more pronounced effect on life
than on torque, The life will be increased signifi-
cantly while the torgque will be only slightly
affected.
The pitch diameter should be made as small as
possible, since this simultaneously reduces torque -
and increases life.
IRC* should be utilized for bearings with bore
sizes near or less than 50 millimeters. IRC is
advantageous for two reasons:
(a) It generally results in less torque than ORC

curvatures,
(b) It enables the use of an arbitrarily small

value of the inner race curvature factor fi’

which is the more critical race curvature in

determining fatigue life at typical operating

speeds.

* IRC is inner race control, with pure rolling at the inner
race and a combination of rolling and spinning at the
outer race.
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These remarks generally hoid true except that a larger

inner race curvature factor may be desirable to obtain low

torque, sacrificing bearing life to some extent.

Generally,

life or minimize torque are in direct oppostion to each

other,

as shown in the tabulation below:

the parameter changes to increase bearing

Criteria | Number Ball Pitch Initial Race
for- of diameter, | diameter, | contact curvature
balls, d E angle |combination,
n (unloaded), fd"i
g
Low ball-|Small Small Smal Small lLarge { at
spin (tor IRC) {for IRC) | spinning
torque contact
High Large Large Small Large Both f's
{atigue ( small
life |
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A general summary of the importance of these parameters,

also taken from Reference 31, is given below:

1.

Race curvature seemed to be the most important
single variable., A change in curvature factor over
the range examined (0.52 to 0.58) changed torque by
a factor of three, or life by a factor of four in
some cases,

The examined change in contact angle (15° to 20°)
produced negligible changes in torque (less than
5%), except during inner-race control near the
transition speed. The effect on life was signi-
ficant. Increasing the angle from 15° to 20°
doubled the life in one case.

For the change in ball number examined (25% to 35%),
the ettects on lite were much greater than the
effects on torque. The torque changes were in the
range of 5% to 20%. On the other hand, life
increased by over 100% at typical loads and speeds.
For a 25% to 40% increase in ball diameter, torque

increased by as much as 100% for one case. Life

[——

increased markedly with ball diameter for all

conditions. At typical loads and speeds, the increase 1

was from 400% to 700%.
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5. A decrcase in the pitch diameter caused a decrease
in torque and an increase in life for all conditions
examined.

To determine the availability of bearing drag data,

~he Product Development Group at Miniature Precision Bearing,
Keene, New Hampshire, was contacted. Miniature Precision

uses a desk-top computer model of bearing performance which
has the capability of projecting running torgque measurements
to other speeds. In 18 years of bearing work, the Chief
Engineer at Miniature Precision Bearing has not found any
simplified analytical bearing models that would be suitable

for inclusion in our turbine meter performance model. 1Instead,
Miniature Precision Bearing uses their program to predict
bearing torque variation with shaft speed and load.

One factor which has not been menticned in this discussion,
but which was emphasized by Fischer and Porter, is the
importance of lubricity., The bearing torque vs. rotor spued
and thrust load curves mentioned previocusly are dependent
upon the fluid being used for bearing lubrication, as one
would expect., When changing fluids, or when calibrating in
one fluid and running in another, it is desirable to have

actual bearing torque data for each fluid. However, when




this is not possible and analytical predictions must be
utilized, the dependence on fluid properties must be known.
Therefore, it should be pointed out that the analysis of
Scibbe and Anderson (Reference 22), derived from the papers
of Jones (Reference 2l1), is based on an expression in which
ball and spin torques are directly proportional to the
coefficient of sliding friction A which is assumed to

be independent of normal pressure. But, quoting from

Jones:

"Actually, the coefficient of friction is a complex
function of a number of varizbles. Among these are:
the unit pressure and sliding velocities at different
points within the pressure area, the nature of the
contacting surfaces, the temperature, and the type
of lubricant. The functional relationship between
all factors is not known at this time..."

The ball spin torque is only a portion of the total
bearing torque, which must include retainer drag, etc.
Therefore, bearing retarding torques obtained by direct
measurement in the operating fluid are preferred to
analytical predictions.

Miniature Precision Bearing has a running torque tester
which conforms to the requirements of Military Standard 206.

Measurements made with this instrument at one given speed

compare favorably with analytical predictions. However,
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the test speed 1& guite slow and not typical of meter
operating specds. Some bearing torque testers produce
noisy signals with excursicns of the same megnitude as

the quanrtity being measured. For this reason, Rocketdyne
and others have built their uwn dynamic integrating torque
measuring instruments.

A typi~al example of a turkine flowmeter bearing is a
Miniature Precision Rearing 35i8C with a 1/8" bore and 5/16"
0.D., used in a 2" Fischer and Porter turbine flowmeter.
The running torgue vs. speed and thrust load is shown in
Figure 8 for operation in water. This information was
entered in the program in tabular form for wmachine
intzrpolation,

1. Bearing Thrust Load

The preper determination of the running torque requires
a knowledge of the thrust load used to enter the figqures
previcusly mentioned, Calculation of the bearing thrusc
load 1s very samilar to the driving torque calculation in
that the thrust load is the sum of the axial components of

the previously calculated 1ift and drau forces.
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From the velocity vector diagram on page 85:

aL = (& pud) ¢ (< ar)
where CL = 2pK. 8in £ from potential flow analysis
L=y -4
v
Upg = —2%2
cos A&,
dp =

(s »U2) ¢ (e dr)

Substituting in the blade thrust load equation:

dar

]

N(dL sin /4, + dD cos )

2
v
%Z&[—Z——NCcsin + C. ¢ cos dr
os /6’ L ,’. D .:}c
A L -3

= %,V7? en 2,-'-&,_3;12_£_tan +C 1

which, after some algebra and the inclusion of finite Llade

"

effects, becomes:

F = fRTgf/o(r)vz(r)Ns( 2g’2 277:’2
Rh 4 1l + (L

2ﬂ
+4q(l'q%(27fr)‘-rwa)_ 4q 5 rb"a] ar
(1 + g) L v (1 + q) v )
Rr 2 2 )%
A B ] SR [ N T Y BURT LAY ] e
P R 1 +gq L 1 +qg v
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The thrust load computed above is not the total bearing

thrust load, since the axial component of fluid drag on the

rotor hub also contributes:

Fy = (’iI/"h U‘zh) C, (cs cos & )y, cos /4. N
2
V.
= Zh_h_ Cp (cs cosd ) N
cos 3 h

!
N kﬁh vh2 ¢, (es cos { )y [l + Mtan /5, + tanﬁz)z]

q
N ls/oh vhz C, (cs cos d")h 1+ [(I;-) (tan § )

e
+ ‘_i.)(tan /31) J2
l4g 1

as i1&s shown in the following sketch:

Vh must be an effective free stream velocity in the vicinity
of the hub, since Vh 18 actually zero for viscous flow. The
value used in the numerical case was taken as the mean

flow velocity V.
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Additional bearing thrust loads will be encountered for

a meter experiencing acceleration plus the blade pressure

load:

F = M -

I r (@a+g cos $) + AProt:or (Rt R’h) tN
where M = rotor mass

angle between meter axis and vertical

S
"

For cases where the acceleration is inclined to the
meter cxis, the expression above can be modified to include
proper components.

2. Journal Bearing Option

Because some small turbine meters and industrial meters
employ journal bearings, an option was included in the
computer program to substitute the frictional characteristics
of a journal bearirg at zero load.

The analysis of a simple journal bearing is based
primarily on the paper by Taylor (Reference 32), who studied
the fluid motion in the annular film between rotating
concretric cylinders. The frictional characteristics of
the unloaded bearing were used as the criterion to determine
the mode of flow in the lubricant film. The shear stress

may be defined by:
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where f coefficient of friction

c
[/

journal velocity

The coefficient of friction 18 a function of the Reynolds

L
number based on the bearing radial clearance ¢ For a

JB”

laminar bearing:

For turbulent flow, test data from bearings with no

load gives a coefficient of friction:

£ = _0.078
e0-43

Transition occurs at a critical Reynolds number based
on Taylor's theory of stability c£ fluid films. For laminar

operation:

41,1 7/
D ———
w,o© 3/2 %
JB Ts
where c = radial clearance. Since W _ = E—. then:
JB a rs
uc
T,
Re = 2B _ 411 /==
crit 2~ c
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This critical Reynolds number has been observed by test.
Using the appropriate coefficient of friction, the retarding

torque 1is:

2
= (f LM ~
Tsg (£ 73 @rrgl ) 5y

2 4
= o W

f/' Lig*a Ts

where LJB = bearing length

rg = shaft radius

L. Retarding Torque Due to Readout Device

As part of the study of turbine rotor retarding torques,
the drags due to a typical magnetic and RF pickup were
determined. The primary objective was to determine generally
the order of magnitude of these retarding torques :n
comparison with the bearing drag and other fluid drags.

Because of variations in pickup design w.th meter manu-
facturers, the magnitude of the drags computed cannot be
arplied to other designs, but their proportional relationship
to the total drag can be considered typical of these units,

The Fischer and Porter Company very generously provided
detailed drawings of the magnetic pickup for their

Model 10C1505 turbine flowmeter and the RF pickup and

el AU ARttt A Mo v
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and amplifier circuit for their Model 10Cl1510 turbine
flowmeter., For both examples, a 2" meter with a maximum
flow of 200-235 ypm was chosen

Several simplifying assumptions and approximations were
necessary to obtain an estimate of the losses in the rotor
and the magnet. A more detailed estimate of these losses
is not practical analytically, and can be more easily
determined experimentally with a few tests on an actual
meter,

1. Magnetic Pickup

The total rotor retarding torque resulting from the use
of a magnetic pickup can be attributed to three types of
power losses. A generated power loss exists through the
pickup coil and external load. EdQy current losses exist
in the coil components, meter body and rotor. Hysteresis
losses are experienced by the core pin, rotor and magnet.

(a) Generated Electrical Power

Electrical power is generated in the pickup coil
due to the flux linkage change resulting from the
turbine blade pascing the core pin. This loss results
from the loading effects of the preamplifier on the
coil. The power lost i1n the pickup coil winding must

be included.
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A "worst case" analysis of the Fischer and Porter
Model 10Cl505 (2" 200 gpm) turbine flowmeter and
Model 556E2271AA preamplifier was based on the
following assumptions:

(1) The input capacitance of the preamp is only

a few picofarads and is negligible compared
to the load resistance at the low frequencies
under consideration (30-600 hz).

(2) The inductive reactance cf the coil is low
compared to the circuit resistance. An
approximate calculation of the coil inductance
based on construction details proved this

assumption to be valid.

(3) Skin effects in the coil wire are negligible,
and the AC resistance equals its DC resistance.

(4) The induced EMF in the coil is a pure sine
wave,

(5) The preanp is located at the pickup coil and
its input resistance is low,

With these assumptions, an equivalent electrical
circulit was analyzed to determine the coil current and
power based on the open circuit voltage and calculated é
coil resistance from the meter instruction hulletin.
The power generated was determined at the minimum flow
of 30 hz and at the maximum flow corresponding to 600 hz.
The losses due to generated power are 3,028 microwatts

and 11.2 microwatts respectively,
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The generated power loss can be reduced by at least
two orders of magnitude by redesign of the pickup coil
or interposing a field effect transistor source follower
between the pickup coil and the differential amplifier,
The latter would also permit remote location of the
differential amplifier.

(b) Eddy Current Losses

As the turbine rotor blades pass the pickup coil
core pin, a change in flux linkages causes induced
currents in all conductors in the region. This
includes the turbine rotcr, core pin, end spacer, body,
and coil housing. The eddy current losses in these
components are calculated in the following paragraphs,
The magnet, being ferritic, is non-conducting,

{1) Core Pin

Calculation of the eddy current losses requires
a knowledye of the skin depth and the time rate of
change of the flux. The skin depth is the distance from
the surface at which the current is 14 the surface
current density. The skin depth is calculated from:

é; = ! in.

=5
(2.54) (2 ) /(/uro‘ £} x 10
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relative magnetic permeability

where //;

3

q
"

conductivity, in mhos per cm

[a)]
L]

frequency (30 and 600 hz)

The time rate of change of flux is related to the

induced EMF in the pickup coil through a coupling

coefficient:
E, = -k N %
where Ei = induced EMF in the pickup coil
ke = coefficient of coupling
N = number of pickup coil turns
g{L = time rate of change of flux (webers/sec)

The total eddy current loss in the core pin is then

calculated from:

"
(2 SL} _D
P_ ¢ Lidt [(_g(__ll +e2’_]
2 ¢
27p® ~ :
where L = pin length
//? = resistivity
D = diameter

The core pin eddy current losses at minimum (30 hz)
and maximum (600 hz) flow are 0.04 microwatts and 3.16

microwatts respectively. These eddy current losses
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could be virtually eliminated by using a ferrite material
instead of iron or steel.

(2) coil Housing

In a similar fashion, the eddy current losses were
calculated for the coil housing, making cextain approxi-
mations for the geometry of the housing. ‘he current
density was assumed constant throughout the shell. The
coil housing eddy current losses at minimum and maximum
flow are 0.108 microwatts and 43.1 microwatts respectively.

These losses can be greatly reduced (by a factor of
106)if the pickup coil housing is magnetically shielded
from the pickup coil and magnet by a ferrite shell, or
by using a ferrite core and cup assembly instead of a
separate core pin and magnet assembly.

(3) Rotor

Eddy current losses in the rotor are large compared
to other components and were calculated after making
the following assunptions to simplify the geometry:

(3.1) Rotor blades are flat.

(3.2) Blade has a rectangular cross section.

(3.3) All of the flux causing an induced EMF in
the pickup coil passes through the rotor

blades and outer hub. Thus the flux varies
as a sine wave through the following values:
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as the blade makes a half revolution past the
pickup coil. The condition ® m occurs with
the blades directly under the core pin.

(3.4) Because of the I-beam type of construction of
the hub, all of the flux and losses will exist
ir the outer hub only. '

(3.5) At minimum flow, the skin depth is more than
fourteen times the blade half-thickness, and
the eddy current density will be assumed
constant throughout at the surface value. At
maximum flow, skin depth calculations indicate
that a uniform density equal to 90% of the
surface density can be used.

Based on these assumptions, the total rotor eddy
current losses are 12.45 microwatts at minimum flow
and 5,000 microwatts at maximum flow. This is the best
analytical estimate of these losses, but the assumptions
and simplification of the geometry could possibly result
in an estimate that is high by a factor of 5 to 10. A

more detailed analytical estimate is not practical;

experimental measurements on an actual meter are required.

(4) Coil Spool, End Rings, End Spacer and Body

In a similar fashion, the eddy current losses were
calculated for the coil spool, end rings, end spacer and
body. For the coil spool, the eddy current loss at

minimum flow is 0.289 microwatts and at maximum flow
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105.9 microwatts. This loss can be eliminated by using
a non-corducting material for the coil spool.

The total body eddy current losses at minimum flow
are 0.12 microwatts and at maximum flow 49.4 microwatts.
Body eddy current losses may be reduced by minimizing
the volume of material penetrated by the alternating
fiux, and by using the highest resistivity material
consistent with environmental and fabrication requirements.
To achieve the former, redesign and miniaturization of
the pickup assembly is required.

(c) Hysteresis losses

The hysteresis power losses can be estimated from:

1.6
Ph = kh f B, v watts
where B, = the peak -lternating flux density in
kilolines/inZ2,

b4 = frequency, hz

= .3
v = wvolume, in
Ky = the hysteresis constant for the material

(1) Core Pin
Using the above formula, the hysteresis losses
in the core pin are 0.067 microwatts at minimum flow

and 1.34 microwatts at maximum flow.




(2) Rotor
The hysteresis power loss is proportional to

the area of the B-H curve of the material, the volume
of the material traversing the loop, and the number of
times the loop is traversed per second. For the rotor
blades, a non-symmetrical loop is traversed at a varying
rate. However, only a small error will be made by
assuming a symmetrical loop (te me) is traversed at a
rate equivalent to once per revolution per blade. The
actual power loss will be about 75%-85% of that
calculated.

The hysteresis locop traversed by each rotor

I
~ m
=

hub section is symmetrical between + —Em and - 2
and is traversed once per revolution. The rotor total
hysteresis lcss is 0.132 microwatts at minimum flow and
2.64 microwatts at maximum flow.
(3) Magnet
The calculation of magnet hysteresis losses is
based on the following assumptioas:
(3.1) The magnet volume traversing a minor hysteresis
loop is that volume directly behind the core
pin.

(3.2) The Steinmetz coefficient (kn) for Indox is
5 x 1073 joules/cycle-kiloline-inch.
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Based on these assumptions, the hysteresis losses
in the magnet are 171 microwatts at minimum flow and
3420 microwatts at maximum flow. These losses seem high,
and raise the theoretical question of whether the internal
flux of a permanent magnet can be varied by merely varying
the reluctance of the external path.

In addition, the Steinmetz coefficient of
5 x 10”3 assumed for Indox I could be as small as 107>
at the flux levels in question. Therefore, the estimated

magnet hysteresis losses may be high by a factor of 5.

(d) Calculation of Rotor Retarding Torque

A tabulation of the various losses calculated in the
previous sections is given in Table I. These values in

watte must be converted to torgue with the use of the

expression:
T = 0.1175 _fE ft-1b
where N = number of turbine blades .
P = power losses in watts
f = output frequency, hz :‘ ;
Based on the assumptions used, a worst case and a - %
most optimistic case total retarding torgie can be v ;

calculated. For the worst case, the retarding torque
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is 1.1 x 10> in-oz at minimum flow and 2.59 x 10~° in-oz

at maximum flow. For the most optimistic case at minimum

flow, the retarding torque is 0.72 x 1074

0.512 x 10.3 in-oz at maximum flow. These values are

in-o2z and

then enterec in the overall rotor torque balance equation
to determine the actual rotor speed.

In conducting this analysis, several suggestions
were made for lowering the retarding torque. By redesign
of the pickup, these torques could probably be lowered by

at least one order of magnitude and possibly two.

TABLE I

LOSSES FOR MAGNETIC PICKUP FLOWMETER

Min, Flow Max. Flow
Loss and Type {(in W) {(in (1 W)
7 WA
A. Generated Power
Pickup Coil and Load 0.028 1i.20
B. Eddy Current Losses
Core Pin 0.040 3.16
Coil Housing 0.108 43.10
End Spacer and Body 0.123 49.35
Rotor 12.450 5000.00
Coil Spool 0.289 105,90
C. Hysteresis losses
Core Pin 0.067 1.34
Rotor 0.132 2.64
Magnet 171.000 3420,00
TOTALS 184,24 8636,69
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2. RF_Pickup

An analysis of the RF pickup and preamplifier circuit
was conducted for the Fischer and Porter Model 10Cl1510
turbine flowmeter (2" 225 gpm). An RF pickup is desirable
for some applications, since the modulation method of signal
generation eliminates magnetic drag on the rotor assembly,
thereby appreciably extending the lower nominal flow rate
range of the meter. Combined with minimum-torgque bearings
in the rotor assembly, the meter is able to operate over
extended linear flow ranges (up to 75:1).

The RF pickup differs from the magnetic pickup in that
an externally powered oscillator/preamplifier applies a
high frequency carrier signal to the pickup coil. As the
rotor blades cut the field cf the coil, the amplitude of
the carrier signal is modulated at a rate corresponding to
the rotor speed, and hence, proportional to flow rate. This
modulated signal is in turn detected, amplified, and shaped
by the oscillator/preamplifier for transmission. The turbine
rotor assembly and meter operation are similar in some ways
to an induction metor rotor, although there 1s no intention
to purposely "drive" the rotor. As will be shown below,
this possibility does exist and was examined to define the

magnitude of driving torgues.

- 102 -




(a) General Conclusions

Based on the analysis of an induction motor "model,"
it was concluded that an accelerating (positive) torque
will be supplied to the rotcr by the pickup. Some of
the loaic and factors that led to this conclusion are
ocutlined below:

(1) The pickup coii is supplied with single phase
excitation; therefore there is no directional
preference inherent in the construction.

(2) The synchronous speed of the pickup coil
excitation is very greatly in excess of the
rotor speed; therefore, only motor action
can result and all "motor losses” must be
supplied by the instrumentation. These motor
losses include all eddy current losses in the
conducting materials within the field of the
pickup coil and all hysteresis losses in all
magnetic materials within the field of the
pickup coil.

(3) The "motor losses" not included are fluid
friction and bearing losses, since it is
assumed that these losses are chargeable
to the flu’d being metered.

(4) A retarding torque cannot be supplied to the
rotor because for the single phase induction
motor type construction, braking is impossible.
Also, rotor speeds in excess of the pickup coil
exciting curreat are impossible by design, and
induction generestor action is precluded.

(b) Induction Motor "Model™

Because of the possibility that the RF pickup

circuit would "motor" the rotor, it was desirable to
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determine the magnitude of this torque and the maximum
influence on the rotor tcrque balance. This maximum
driving torque was calculated from an induction motor
model based on the following assumptions:

(1) The induction motor is two-pole single phase
with a squirrel-cage single-turn rotor.

(2) The skew of the blades due to the helical lead
is neglecteaq,

(3) The rotor speed 18 so slow compared to
synchronous speed that essentially the starting
torque 18 being calculated.

{4) The maximum flux developed in the pickup coil
core is not attenuated by passage through the
stainless steel body. Actually, at 35 to 40 khz,
the flux inight be reduced by a factor of 5 or 10.
For purposes of computation, the 30 maxwells
cestimated will be reduced to 10 maxwells,

With these assumptions, the rotor constants were
calculated and the rotor power determined. The induced EMF
in the rotor is 15.6 millivolts with a current of
1.32 ampu. For the given geometry and rotor speeds,
this corresponds to a driving torque of 1.4 x 10"S in-oz.
This torque does not vary from maximum flow to minimum
flow, because at maximum flow the induction motor slip

s = S0~ % - g.995
s

indicating that it is essentially starting torque that

1s supplied,
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The driving torque estimated 1s the maximum influence
that can be expected, and the actual torque may be
considerably less. The estimated RF pickup torqgue is
used in the overall rotor torque balance. However, it
1s very small 1n magnitude compared to the other terms,
and one can essentially assume that the RF pickup has
little influence on the rotor speed in comparison with

the magnetic pickups.

S pE e
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V. INSTALLATION EFFECTS ON TURBINE FLOWMETERS

A literature search aimed at producing information
on empirical factors used by commercial turbine meter manu-
facturers to account for the effects of upstream geometry
and installation effects yielded very little useful in-
formation. Unfortunately, coverage of the subject in most
1eferences 1s restricted to general qualitative remarks or
to limited test data for a specific flowmeter in a specific
test installation which cannot be generalized.

Because of an appa.ent lack of data in the published
literature, several turbine flowmeter manufacturers were
questioned on this and other points, and a questicnnaire
was prepared and distributed to organizations represented
ch the ICRPG Fxperimental Measurements Committee. Responses
to these questionnaires (detailed in Appendix D) yielded
very little organized data, although several organizations
have bits and pieces of unreduced data dealing with these

effects.

A. Upstream Piveline Configuration

Of the literacure reviewed, the most usefuvl report

dealing specifically with the influence o. upstream piping
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on the turbine flowmeter registration was supplied by
Potter Aeronautical Corp., Reference 33. The objective

of the report was to determine the effect of flow straight-
eners on performance of the standard series Pottermeter
Model 7/8-27 installed in various velocity profile dis-
tortion and swirl-inducing piping configurations. Since
these tests were conducted specifically to study piping
effects, the data could be more conveniently analyzed than
data from other references where piping effects were of
secondary importance and other parameters changed from
test to test.

To obtain a qualitative estimate of piping effects
fron the Potter data, plastic overlays of the test data
were prepared to visualize the introduction of an elbow,
straightener, etc., as it appeared in the calibration
curves.

The first test consisted of a control or standard
"straight run" primary calibration with approximately
85" of straight section piping upstream of the 7/8" meter
and approximately 24" of straight section downstream. 1In
addition, a flow straightener was installed 13" upstream
of the meter. This reference calibration will be re-

ferred to as Test A.
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In Test B the flow straightener was moved to a position
immediately upstream of the meter. The calibration was
virtually identical to Test A, except that registration
was lower at all flow rates by approximately 0.05%.

Tests C and D were conducted with a straightener im-
mediately upstream of the meter and a piping configuration
which included a mitered elbow 1-1/2" upstream of the
straightener. An AN 821-16 elbow was, in turn, approxi-
mately 6" upstream of the mitered elbow.

Without the flow straightener, the meter registered
lower flows (than Test A) over a large portion of the
flow range. However, with the overlays, it is possible
to shift the data so that the points virtually coincide
with Test A by increasing the low flow rates by as much
as 0.13% and reducing the high flow rates by 0.02%. In-
troduction cf the flow straightener does not eliminate
the error, but rather it causes the reverse to happen,
the meter reads low at ithe high flnow rates and coincides
wi~h Test A Lt low IZlowenm *n this ~ase the data are 0.17%
lcw at higk flow rates.

Tests E and F reversed the relative positions of the

nitered elbow and the AN 821-16 elbow. Without the

straightener, the meter registration was significantly
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lower for all flow rates than of the previous cases.
However, the shape of the curve was similar to Test A,

and the data could be made essentially equal by shift-

ing it upward by 0.71% at low flow and 0.51% at high flow.
The introduction of a flow straightener did result in

a significant improvement in meter registration, although
all flows read less than Test A by about 0.20%.

It should be mentioned that the plane of the elbows
relative to each other and the meter was not specified
for these tests. These relationships have a direct bear-
ing on meter registration and must be kept tne same in
switching line components for comparison tests. There
is no quantitative way to predict how thelmitrered elbow -
AN 821-16 elbow combination gives significantly lower
meter readings than the reverse. Qualitatively, it
appears that a mitered elb;w downstream of a smooth
radius elbow tends to disorganize the swirl produced
by it, where in the reverse case the swirl generated hy
the smooth elbow is passed directly into the meter.
Unfortunately, neither of these elbows was tested
separately upstream of the meter to determine the relative

changes in meter registration.
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Tests ¢ and H were conducted with a single 1-1/2"
radius, 90° copper elbow (different from the previous
tests) 6" upstream of the meter, followed by a 3" straight
section, an AN 821-16 elbow, a hcse with a 90° bend, a
second AN B821-16 elbow and a straight discharge pipe.
Without the straightener, the meter registration was low
at all flow rates by 0.8%%. By raising each data point
by these values, the curve could be made coincident with
Test A. The introduction of the flow straightener re-
sulted in a considerable improvement in registration,
with the meter reading low by only 0.38%.

Tests I and J were conducted to determine the im-
portance of downstream piping, using a 90° copper elbow
and other plumbing of Test G downstream of the meter,
with a 72" straight section upstrcam. For these tests
the flow straightener was installed on the downstream
side of the meter. Without the straightener the meter
registered low by 0.33% at low flow rates and low by
0.07% at high flow rates. With the straightener the
test data were closer to Test A, being 0.18% low at
low flows.

As would be expected, Tests I and J illustrate

gualitatively that upstream piping is much more important
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than downstream piping, although a straightener does help
to a limited degree where complicated plumbing is very
close to the meter exit on the downstream side.

Tests K and L were conducted with a 1" hose up-
stream of the meter, secured in a bent "S" condition
with reverse curves of 3" radius through 90 . Approxi-
mately 12" ._wnstream of the meter was an AN 821-16 elbow,
followed by 6" of straight section, fcllowed by a mitered
elbow. Without the straighteners, the meter registered
lower than any of the previous tests (low by 0.93%).
Introduction of the straightener improved the readings,
which were then low by only 0.10%.

From the tests with the "S" bend hose aqg the 1-1/2"
radius, 90 elbow, it is apparent that long moderate
radius bends have a more significant influence on meter
error than a sharn mitered elbow. Howeveyr, the reader
should be cautioned that data shifts mentioned for the
Potter tests cannot and should not be used in any way
to correct meter factors for similar installations the
reacer may encounter. Generally, the velocity profile
downstream of a series of disturbances is a function of
the Reynclds Number, pipe diameter, flow rate, friction

factor, spacing between comporents and radius of
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curvature. Test conditions would have to be virtually
identical to the Potter tests to be able to use the meter
correction factors mentioned above if a flow straightener
was not used,

The Potter tests do point out the importance of the
use of a flow straightener upstream of the meter, but
since the design of the straightener was not available,
little can be said about its merits relative to other
desigrs. There is no guarantee that flow straighteners
of anrother manufacturer or of a different size will behave
with the same characteristics.

Although the Potter test report was the most useful
reference available dealing specifically with piping ef-
fects, the test configurations deserve constructive
criticism on the following points:

1. Combirations of several types of elbows

were 1ntroduced bLoth upstream and down-
stream of the meter without determining
the effect of each of these compcnents
individually.

2. The planes of the elbow were not specified

in relationship to each cther and the meter,

and the straightener design was not available.
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3. The degree of damping is a function of
line length, but the length of line be-
tween compcnents in the same confiqgura-
tion was not a parameter in the study.

4. Test data were presented as a plot of
total cycles per 100 1lbs. of water, without
defining a refererncc temperature or correct-
ing for specific gravity variations with
temperature from test to test.

5. The standard “straight run” primary calibra-
tion (Test A} against which all subsequent
tests were compared, 1s based on the use
of a flow straightener 13" upstream of the
meter, yet 1n subsequent tests with various
pining configurations the straightener was
placed immediately upstream of the meter
inlet.

These remark.. are not intended to be critical of
Potter, since they have made a significant contribution
in the forr. of test data which others have not obtained.
The major point to be made is that meter manufacturers

or users in general have not had the funds and/or the
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time to explore in a controlled fashion all the parameters

involved in the influence of upstream pioing on reter
registration, and it is gquite unlikely that these data
will be obtained without the funding of tests for this
specific purpose.

Fischer & Porter conducted some tests with a 1-1/2"
flowmeter downstream of various elhows, reducers, and
a flow straightener. Unfortunately, the spacing, elbow
radius of curvature, etc., are not specified. Fischer
& Porter also conducted comparative tests of their
meters with those of Cox, Potter and Waugh to determine
their sensitivity to a flow swirler upstream of the meter:
unfortunately, the degree of swirl for these tests was
not defined.

Data obtained on piping effects as a secondary
effort in a large prcgram tend to have so many qualifi-
catiors that restrict the data to a given configuration
that the information carrnot be generalized. 1In a study
of Jupiter miscile flowmeters, Reference 34, flowmeter
alignment and orientation were investigated. Distinct
calibration shifts were produced by rotating the flow-

meter on i1ts axis to the next set of holt holes on
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the mating flange. After some investigation it was de-
termined that the relative orientation of the LOX tank
exit anti-vortex assembly and the meter had a direct
bearing on the calibration. The noted effect was
peculiar to that particular installation.

In 2 similar fashion, an in-place flowmeter calibre-
tion system was established for the Apollo Service
Module Propulsion Syscem, Reference 35. Flowmeters
were calibrated with water in four configurations: a
straight pipe, the F-3 propellant feed lines with an
in-placz calibration "tee," the feed lines with the
engine interface, and the feed lines with the engire
interface plus a "jumper"” extension. Although the calibra-
tions show the influence of these piping configurations
on the flowmeter constant, the calibration shifts are
peculiar to that given installation, since component
spacings, fluids, etc., were not changed for a given
configuration,

An indication of the complexity of the problem can

be found in reviewing References 10 and 11. zankerl0

discusses the development of .a flow straightener for
use upstream of an orifice-plate, aithough scme of the

philosophy applies to turbine flowmeters where the
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objective is to reduce swirl. The most important parameter

in piping effects is the meter approach velocity distribu-
tion as influenced by Reynolds Number, pipe diameter,
flow rate, friction factor, settling lengths, pipe bend
radius of curvature, etc., some of which are dependent
variables. 2Zanker studied the swirl damping properties
of straighteners and found that certain straightener
designs for certain flow situations can actually re;
tard the process of achieving a normal pipe velocity
distribution. There are several types of swirl, the
most easily simula*ed being the solid body rotation type
swirls generated with an impeller or rotating perforated
plate and the free vortex or constant energy type swirl
produced by guide vanes. Very strong swirls can be pro-
duced in this fashion that persist much longer than
those due to axial velocity disturbances and are recom-
mended as part of a test prugram to study the influence
of swirl on meter registration.

West in Reference 11 discusses the importance of

velocity distribution in pipes downstream of a bend,

and observed bend loss coefficients. He emphasizes
the fact that the velocity distribution before the bend

and the apprcpriate Reynolds Number range must be




considered carefully because tests on a particular bend
and pipe arrangement are only applicable to that ar-
rangement, since these parameters (as previously men-
tioned) have a direct influence on the results. Velocity
profilas at different diameters downstream of a bend are
given for different radius bends and a given inlet
velocity condition.

The technical approach of West is well organized
and defined. For example, flow through a bend is con-
sidered by defining the two radii and the angle of de-
flection. In addition, the inner wall roughness of the
bend and/or the roughness height relative to the pipe
bore must be known and must be related to the reiative
roughness of the pipes before and after the bend. The
velocity distribution before the bend and the appro-
priate Reynclds Number range are specified. Velocity
profiles at various distances downstream of the bend
are obtained with pitot traverses. The measure of bend
influence is categorized by two ratios, Vmean/Vecentre
and Vpean/Vmax Where:

Vmean = the mean velocity in pipe
Veentre = the central velocity in the pnipe
Vmax = the maximum velocity at the peak in

the velocity profile curve
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These ratios also allow for the description of sym-
metric profiles. West found that turbulent flow through
a typical bend required 40 diameters for the velocity
profile to recover.

By carefully organizing a detailed test program
that accurately defines and records the test parameters
previously mentioned, a significant advance can be made
in determining the importance of upstream piping on
turbine flowmeter calibration constants, but this type
of organized approach in any detail has not beer. con-

ducted to date.

B. Vibration

The effect of vibration on turbine flowmeter per-
formance has been discussed in very few references.
However, Potter Aeronautical provided a qualification
test report on their Model 1-5851 1.5-to-~25 gpm
turbine flowmeter which was mounted on a vibration ma-
chine and tested at NASA-MSFC. The test sequence con-
sisted of a resonance search, random vibration, and
a post-vibration calibration for comparison with
earlier calibrations. Details of the test sequence and

results from Reference 12 are outlined below:
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1. Resonance Search

A constant flow of approximately one-half full scale
was maintained through the meter during reczorrance search
testing. Along each of its three mutually perperdizular

axes, the flowmeter was subjected to sine wave vibration

sweeps at a maximum of 5 g's peak input level to the vibra-

tion equipment. The duration of each sweep was no more
than 5 minutes. Two sweeps, one increasiqg frequency
{20 cps - 2000 cps) and one decreasing frequency
(2000 cps - 20 cps), were applied. Output of the flow-
meter was recorded on an oscillograph. BAxes are defined
in Figure 9.

No internal resonances were noted during sinusoidal
vibration in the 20 cps to 2000 cps frequency range.
No change in output frequency occurred during vibration.

2. Random Vibration

A constant flow of approximately one-half full scale
was maintained through the meter during random vibration
testing. Random vibration was applied to the flowmeter
along each of its three mutually perpendicular axes ac-
cording to ‘the following scheduvle. Axes are defined in

Figure 9.
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20 to 200 cps 2db/octave
201 to 700 cps - 0.64 g2/cps

17.5 db/octave

701 to 900 cps

901 to 2000 cps - 0.15 g2/cps

Permanent oscillograph recordings were taken of the
meter output before, during, and after vibration. Meter
output was recorded directly, then fed through the:con—
verter input filter circuit and recorded, unless vibra-
tion produced no noticeable noise in the output.

Very little output noise was detected during vibra-
tion in the axial direction and in the radial direction
parallel to the pickup coil; no input filter was used be-
tween the flowmeter and the oscillograph. Noise appeared
during random vibration in the radial direction perpendicu-
lar to the pickup coil; therefore an input filter was used.
Oscillojraph recordings were obtained during random vibra-
tion which indicated that the flowmeter performed satis-
factorily during random vibration, and no change in output

frequency occurred.

3. Post-Vibration Calibration

After all vibration tests were completed, the flow-
meter was calibrated to determine whether vibration had

affected calibration.
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Results of the post-vibration calibration are given
in Table II. Deviation or non-repeatibility of the
median "K" faccor of the post-vibration calibration from
the average of median "K" factors of the pre-environmental
test calibration verification was -0.037%; a maximum of
$0.5% was allowable. No physical damage was noted.

Data from these tests indicate that the meter was
susceptible to random vibration along only one axis, and
the noise that appeared on the output was not critical,
since no change in output frequency occurred.

Based on the results of the vibration testing of
the Pottermeter, vibration does not have a significant
effect on meter registration up £o 5 g's peak input level.

Similar test data on meters of other manufacture were
not available. Fischer & Porter did provide a communica-
tion concerning the vibration results on a 3/4" turbine
meter. In this case, only the axial component was sig-
nificant, with no effects when the vibration was purely
transverse. The axial vibration of 8 g's peak level
was examined by Fischer & Porter as a type of pulsation
error similar to the axial vibration of a long column

of flowing water in a long length of pipe. The worst
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case is a comtination of low frequency at high g levels
at the low end of the flow range. Even in this case,
errors of 0.1 to 0.2% ét low flow would be present only
for a meter mounted in a 3 or 4 ft. length of pipe
vibrated at frequencies below 200 cps.

Based on the test reports available, meter vibra-
tion does not lead to significant meter errbrs for the types
tested up to 8 g's. Fischer & Porter has had no complaints
in the field about error from external vibration, except
that caused by increased wear. Internally generated
vibration is avoided by most meter manufacturers by
statically and dynamically balancing the rotors and care-
fully controlling bearing clearances. For the reasons
given above, vibration effects were not included in the

turbine meter performance model.

C. Acceleration

Because very few turbine flowmeter users or manu-
facturers have access to a centrifuge, there are very
few references available on the effects of acceleration.

Two references were obtained, both dealing with Potter

units, that included a rather detailed description of

acceleration effects. Potter Aeronautical provided a
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qualification test report on their Model 1-5851,
1.5 to 25 gpm turbine flowmeter which was mounted on
a centrifuge (Reference 12).

A constant flow of 1.68 gpm was maintained during
acceleration. The least fluctuation occurred when the
flowmeter was mounted with acceleration applied along
the axial axis. The largest fluctuation occurred when
the flowmeter was acczlerated along the radial axis
perpendicular to the coil, but the fluctuation did not
exceed allowable limits. Shifts in output frequency
for 10 g's acceleration are given in Table III from
Reference 12. Deviation, or non-repeatibility of the
median "K" factor of the post-acceleration calibrations
from the average of median "K" factors of the pre-~
environmental test calibration verification was no
more than-0.08%, well within the specified %0.5%.

The small acceleration error observed is presuv.-
ably due to increased bearing drag. There is no ap-
parent explanaticn for the increased error with the
radial load as opposed to the axial load.

Acceleration tests on a 1" Potter flowmeter are

described in Reference 13 for both high frequency and
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low frequency models. The results of these tests are
shown in Figures 10 and 11 for accelerations up to

25 g's. The high frequency units appear to be rela-~
tively insensitive to acceleration, whereas the low
frequency units are susceptible at lower flow rates
for accelerations exceeding 10 g's.

The error due to acceleration is pon-linear with
acceleration, with distinct breaks in the curve making
it difficult to use the data for empirical correlations.
Also, the meters were not identified as to bearing type,
which is essential to an adeQuate description of bearing

drag.
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VI. NUMERICAL METHOD AND EXAMPLES

A. Summary of Equations

Derivation of the pertinent eguations used in the per-
formance model were given in Section IV. These equations
must be assembled into an iteration scheme which kecps
assuming a rotor speed until a balance is achieved between
the driving torques and the retarding torques; i.e., until
the net torque is effectively zero. A summary of these

equations from the previous sections is given below:

Driving Torque

R
T 2 2g
Ta =f G//’Vz Ns(1+q) (tan Y -tan/"v’l) r dr
Ry, rotor
-t c V. Nc —9 ]| tan &' + tan A3
R D/o . (l+q (l+q /l
h L
1+ L_Jl_.) tan
1 +g
rotor
X
1 VA
+(1+q tan/ 1 r Ar (1)

rotor
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where tan )‘1 = Lol for helical

Sotot
1.

tan ¥ = <constant tor flat blade
2
. 2 - R,

ry - -l-——-—q tan & 0'2 _.__il.‘_ v,
tan = t q -
7 straightener R
Vz

for meters with a preswairler

r w

t
'Y
3
e
—
]

vz

straightener

Rotor Hub Fluid Drag

for meters with corventional flow

T, = %§/9V2 cp (cs cos )y (I—%—a’tan ¥

where the same expressions for tan ' and tan
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B LT o T

Blade Tip Clearance Drag

2 5
T = _0.078 A wa R CtN (3)
BT 2(Re)0°43/ T

[’U-)a RT (RB - RT)

where Re =

/u
c = blade chord a‘. the tip
t = blade thickness

T.uhip Drag

Pickup Drag = Tp (4)
wviere Tp = constant for an RF pickup from Section IV (L)
Tp = a+b u%f for a magnetic pickup based on
the analysis in Section IV(L)
Bearing Drag
Bearing Drag = T (s

BRL

where the bearing drag is obtained as a function of speed
and load from experimental data such as shown in Figure 8,

Section IV(K).
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To obtain the bearing drag, the bearing thrust load is

calculated from the expression:

R 2
Pp = %f TG/)V;NS (_23_ tanzd‘
*n

1l +gqg
+ &Qil_:agl tan J' tan 3 - __uﬁQ__z tan? 3
(1 + g% o1 (1 + q) 1

+=me LRV RPN [ - I J
2 CD/aVzC (l+q an

"

2 1%
1
tan /5
+ ‘1 r q , /"l dr
2
+ XN oV ¢ _(cs cos X)) 1 +|{—9--] tan &
/ D h l +qg
X
1
+ (1 + q )tan R + M (a + g cos $)

+ P - t
a rotor(RT Rh)N

[t}

where M rotor mass

¢ = angle between meter axis and vertical
(i.e., 90° if horizontal)
L P = pressure drop across the rotor
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The option exists in the program to substitute 2 journal
bearing for the ball bearing unit. 1In this case, Equation 5

is replaced by:

. - fpap w2l
ae /7 Eifa Fe (5a)
where Ljp = bearing length
r, = shaft radius
_ 2 Ts
f = - if Re <« 41.1 E—
Re JB
0.078 ) r
f = if Re » 41.1 8
0.43
Re c
JB
r_w,C
c = radial clearance and Re = _8 3 JB
JB 37

Severa. secondary calculations and subroutines are
essential to use of the equations given above. The velocity
profile is calculated in a completely self-contained
subroutine based on the equations given in Section IV(E).

At each given radius, thig subroutine is entered and the
velocity at that radius calculated. A subroutine is also
used to calculate the blade deflection coefficient based

on the given geometry used in conjunction with the equations

in Section IV(A).

- 134 -




In addition to the actual rotor speed, the program also
computes the ideal rotor speed. The "ideal" rotor speed s
that speed at which the rotor would coperate for zZero angle
of attack in a flat velocity profile without blade inter-
ference «ffects and with no retarding torques. It can be

shown that:

. Z _ 2
W = 2—3:,4'% (;R%;')_;_ tan A | v
1 /’//_1 RT - Rh

-

for a meter with a preawirler and a helical bladed rotor;

w = 2%
i L

for a meter without a preswirler and with helical rotor blades;
2 2

and , _ % E'TI_._%E‘ tan )

i Ry = Ry

for a meter with flat blades and no preswirler.

B. Description of Computer Program

The major iteration lcoop in the computer program involves

the rotor speecd wa' which must satiefy the torque balance:

T, - T - - - = 0 6
d h” Tar - Tp ToRL (6)

baged on the expressions for these terms given in the preceding
summary. Tre rotor speed either appears explicitly in these

equations or i-plicitly through tan ﬂ, and various Reynolds
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number expressions, For the test cases to be described in
the following section, 200 points were evaluated across the
rotor blade to determine Ty and the bearinrg thrust load by
numerical integration. Valves for turbine inlet velocity,
angle of attack, interference coefficiert, deflection
coefficient, straightener velocity, blade lift torque,
blade drag torque, and net driving torque are evaluated at
each radius and printed as shown in the sample output in
Appendix C.

Based on the assumed speed (W,, the net driving torque
is obtained from Equation (1) and the bearing thrust load
and retarding torgque determined from Equation (5). The hub
and blade tip drag are calculated and, with the pickup drag,
are included in the torque balance, Fauation (6). This
procedure is followed for two rotor speeds to determine the
behavior of the driving torque function and to predict a
new speed. The new estimate for rotor speed is usually
quite accurate, and the calculation will converge in three
or four iterations regardless of the nature of the first
guess. With practice or experience for a given meter, it
is possible to guess the actual speed very closely. However,

for the convergence technique being used, it is actually
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better to guess a speed approximately 1% removed from the
actual speed, since it allon the machine to work with
larger differences in preparing its new estimate. Details
of the program operation and preparation of input are given

in Appendix B.

C. Numerical Results

To determine the relative importance of various retarding
torques and effects included in the performance model, a
grid of test cases was prepared. A "nominal® or reference
case was chosen, and then various parameters such as flow
rate, temperature, fluid, bearing type, velocity profile,
etc. were varied independently for comparison of the magnitude
of each effect. For the purposes of the study, the

reference case was:

Fluid: Water Rearing Type: Ball bearings
Temperature: 70°F Pickup Type: RF '
j

Flow Rate: Rated capacity Geometry: Nominal geometry
a..d tolerances
Velocity Profile: Annular
{based on turbine area)

The geometry of a typical mecter in the 2" size range,
Fischer and pPorter Model 10Cl1l510 2" 225 gpm was used to

evaluate the performance model. Although the performance




model is readily adaptable to many meter designs, this model
was chosen because of its straightforward conventional design
and the availability of detailed design information and
printe provided by Fischer and Porter Company, Waminster,
Pennsylvania. A cross section of this meter, illustrating
typical interior geometry used in the program, is shown in
Figure 12, The rotor has fourteen helical blades,

The first test case was that for the ncminal design,
to determine if the program was predicting a rotor speed
and meter factor within normal manufacturing toclerances of
what was known to be the actual rotor speed. Tﬁe computed
rotor speed was 897.02 radians/sec with a meter factor of
532.99 cycles/gallon, which compared extremely well with
the manufacturers nominal meter-to-meter mean rotor speed
of 897.60 radians/sec and meter factor of 533.33 cycles/
gallon in water at 70°F. The manufacturer supplied
calibration curves selected at random for this meter model
with meter factors of 534.2 and 541.0, s0o the predicted
rotcr speed is well within the manufacturing tolerances.
Other calculated data indicated that at this speed, the
rotor hub drag and blade tip drag are the predominant

retarding torques, of nearly equal magnitude, providing
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the balance with the rotor driving torque. The bearing
torque 18 very small in comparison (less than 10%) and will
become an important factor only at minimum flow rates. The
predicted pressure drop is 8.3 psi, compared to 8.6 psi
obtained by the manufacturer. The driving torque required
to overcome the retarding torques is very small, approximately
0.0019 ft-lb. To provide this driving torque, the blades
are required to operate at an integrated or "effective® angle
of attack of only 0,076 degees, although portions cf the
blade operate at angles of attack varying from +6.5 degrees
to -8.8 degrees.

The first parameter to be varied was the volumetric flow
rate q. Test cases were run for 50% g, 75% g, and nominal q,
which was 225 gpm. The rotor speed,meter Zactu:i, and other

parameters for these cases were:

Meter
Net Anqle of Factor W 1 w a
v ft/sec Attack, Deg. &P, psi cycles/gal rad/sec rad/sec
100% q 37.12 0.0764 8.3 532.99 922.3 897.0
75% a 27.84 0.0776 4.9 532.39 691.7 673.3
50% q 18.56 0.0790 2.4 533.39 461.1 448.8

The first column is the average turbine inlet velocity for
the given flow rate, followed by the blade "net" angle of

attack and meter pressure drop. The meterxr factor is the
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equivalent cycles/gallon output for the actual rotor speed.
Its "flat" characteristic indicates that at these speeds
the retarding torqueé are small, and the rotor speed is
therefore linear. The next two columns arekthe "ideal"
rotor speed and actual rotor speed. The "ideal" rotor
speed is that speed at which the rotor would operate for
zero angle of attack in a flat velocity profiie without
blade interference effects and with no retarding torques.
The actual rotor speed is that predicted by the program
with all retarding torques, interference effects, and the
abovementioned losses included. As would be expécted, the
actual speed is less than the ideal speed, in this case
about 3%, most of which is due to profile and interference
effects rather than to retarding torques.

In computing the net driving torque, a series of 200
points were evaiuated from the blade root to tip. The
turbine inlet velocity profiles obtained for the different
flow rates is shown in Figure 13. The rotor hub radius was
0.417", where the velocity effectively becomes zero. The
profile is shown only to the blade tip (0.875" radius),
which is the reason the velocity profile does not go to

zero at the outside radius. The velocity profiles shown
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are based on the anulysis of Levy (Reference 23) and some
local departures from actual profile shapes may exist.
The blade angle of attack variation with radius is
shown in Figure 14. This curve illustrates very well the :
fact that although the "net" or integrated blade angle of
attack 1s effectively zero, portions of the blade do
operate at significant angles of attack, up to 8 degrees.
With a hhelical blade of specified lead, the tangent of the
blade stagger angle is linearly proportional to radius, as
is the tangent of the inlet velocity angle for a flat
velocity profile at any one given rotor speed. Therefore, it
1s theoretically possible for all of the blade to operate at
essentially zerc zngle of attack. This, however, is not the
case when one considers an actual velocity profile, as
Figure 14 illustrates. Since the net driving torque required

at "null" speed varies only slightly with flow rate, the

e e s . ——

slight variations *n angle cf attack do not appear on the
plot, and the angle of attack is essentially consatant with
flow rate.

Figure 1% illustrates the variation of the turbine blade
interference coefficient K, with radius. The interference

coefficient is the ratioc of theoretical blade 1lift,
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accounting for interference effects from adjacent blades,
to the theoreticai single-airfoil lift. This ratio is a
function of the blade stagger angle and the space-to-chord
ratio, which accounts for the variation with radius. Wwhen
K, = 1, interference does not take place, and the lift of
the blade is the same as that of a single blade in the
same flow field. The importance of including blade
interference effects is clearly illustrated in Figure 15,
where K, reaches values as low as 0.4 near the rotor hub
and 18 con$iderably lees than 1.0 over most of the blade
length.

The driving torque per unit blade length variation with
radius is shown in Figure 16. This "torque" is actually
the force per unit blade length multiplied by the moment arm
to that blade element, and indicates the relative contribution
of elements along the blades to the total rotor driving
torque. The variation of this parar- er with flow rate depends
considerably on the velocity profile, since the velocity
enters the torque expression as a sguared term. The large
negative values at larger radii correspond to the negative
angle of attack caused by the decrease in velocity near the

outer meter wall, Again these curves point out the value
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of using an actual velocity profile and numerical integration
over the blade length, as opposed to arsuming a flat velocity
profile,

The second major parameter to be varied was the fluid
and meter temperature (assumed equal to each other at all
times). The fluid properties were varied for each case,
and the changes in meter geometry were caiculated within the
program, based on coefficients of thermal expansion provided
for the rotor and the meter body. 1In this way, variations in
all major meter dimensions can be included. As mentioned
previously, the reference case was water at a flow rate of
225 gpm. Other parameters for these cases were:

Meter

Net Argle of Factor Wy Wa
V_ft/sec Attacl, Deq. aP, psi cycles/gal rad/sec rad/sec

40°F 37.137 0.0765 9.1 534.81 922.89 900.09
70°F 37.115 0.0764 8.3 532.99 922.28 897.02
100“F 37.093 0.0766 7.6 530.57 921.68 892,94
150°F 37.057 0.0767 6.6 525.39 920.67 884,24

The major effects being illustrated here are due primarily

to changes in meter geometry with temperature, and changes

in fluid viscosity. The turbine inlet velocity profile




variations with temperature are shown in Figure 17. The
slightly higher velocities at the lower tempe-.atures are
due to the smaller meter geometry for the same flow rate,
as shown also in the previous tabulation of average
velocities, The increased fluid viscosity at the lower
temperatures 18 reflected in a slightly larger curvature in
the velocity profile and an increased pressure drop.

The blade angle of attack and interference coefficient
variations with radius are shown in Figures 18 and 19.
Changes in these parameters with temperature are very small,
so the different curves appear as a single line in the plots,
The dependence of driving torgque per unit blade length on
temperature is shown in Figure 20. Again, the variations
are due primaiily to velocity profile effects, with the
slightly lower velocities at 150°F producing slightly lower
torques. Although Figure 20 tends to suggest that the 40°,
70°, and 100°F cases are identical and the 150°F case is
different, this is not the case. Actually, the torque values
are different in each case, but it is only at 150°F that the

difference is large enougch to be distinguished in the plots,
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The next area of study was the effect of manufacturing
tolerances on meter performance and registration. Based on
the test cases previously discussed, the most important
non-fluid effect appears to be the geometry-velocity profile
relationship. For this reason, the parameters selected for
the tolerance study were the hub radius, blade tip radius
and meter body radius. The rotor hub drag and blade tip
drag are the predominant retarding torques, and therefore
variations in the three dimensions selected should affect
these parameters. The particular meter being modeled had
a rotor hub diameter tolerance of ¥0.002, a blade tip

diameter tolerance of 10.003, and a meter bore tolerance of

f0.00l. These tolerances were stacked so as to give the
minimum flow area and blade tip clearance for the first
case and the maximum flow area and blade tip clearance for
the secord case. The comparison with the nominal case is
shown below:

Meter

Net Angle of Factor w i (Jg
Geometry v ft/sec Attack, Deg. AP, psi cycles/gal rad/sec rad/sec

Minimum 37.165 0.0765 8.28 532.62 922.82 896.40
Nominal 37.115 0.0764 8.27 532.99 922.28 897.02
Maximum 37.012 0.0763 8.23 532.77 920.44 896.65

- 154 -




From the minimum to the maximum geometry case, the blade
tip drag decreased by 10%, but the hub drag is still the
dominant term, so that significant changes in the rotor
speed did not occur. There are two compensating effects
taking place in the geometry changes. One would expect the
rotor speed to primarily follow the fluid average velocity
as indicated by the ideal speed. However, the high velocity
of the minimum geometry is offset by the higher blade tip i
drag, causing the rotor to operate at a slower speed. From
the minimum to the nominal geometry case, the average velocity
has decreased, but the percentage decrease in the retarding
torque is ten times as great, and the rotor speed actually
increases., In the maximum-gecometry case, the decrease in
velocity overrides the decrease in retarding torques.

The differences in the velocity profiles, blade angle of
attack, interference coefficient, and driving torque for the
three cases are so small that they cannot be detected on
the plots, and therefore these figures are not shown. The
maximum change in meter factor with these manufacturing
tolerances was only 0,07%. Therefore, manufacturing effects
were not explored in any further detail although the

capability to do so exists in the present program.
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The next set of test cases was prepared to explore the
characteristics of the same meter model in oil. Based on
the availability of bearing drag data, MIL-L-6085 oil,
which has a viscosity of 20 centistokes at 70°F, was
selected. The results of these test cases at different

flow rates are given below:

Meter
Net Angle of Factor w i Wa
v_ft/sec Attack, Deg. AP, psi cycles/gal rad/sec rad/sec
100% q 37.115 0.0727 14,2 523.27 922.28 88B0.66
75% q 27.836 0.0718 8.5 519.19 691.71 655.35
50% q 18.558 0.0523 4.1 512.23 461.14 431.04

The meter factors are approximately 2.0% to 2.5% lower
than those for water at the same flow rate, which is not
unusual for this amount of change in the fluid viscosity.
As would be expected, also, the pressure drops are larger,
The velocity profiles for these cases, shown in Fiqure 21,
are similar to those for water, except for the increased
curvature due to the increased viscosity. The blade angile
of attack and interference coefficient (Figures 22 and 23)
are effectively independent of flow rate, as was cbserved

in water. The driving torque profile, Figure 24, reflects
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the shape of the velocity profiles with flow rate and the
blade angle of attack.

Because of the difference in £luid properties between
water and oil, it is informative to make a direct comparison
of these two cases on the same graph for the nominal flow
rate, as shown in Figures 25, 26 and 27. The increased
curvature of the o0il velocity profile in Figure 25 is
carried over into the blade angle of attack and driving
torgue curves.

To better understand the importance of blade interference
effects as related to blade number, several fictitious cases
were prepared with rotors having eight and four blades each
but with the same geometry and lead as the fourteen-bladed
rotor. Results of the eight-bladed case are given below;
computation of the four-bladed case was not accomplished
due to nonconvergence resulting from the excessively large
interpolation interval in space/chord ratio dependence of
R (see Figure 3). Since this would have required extensive
program additions, as well as additional computer checkout
and operation time, this case was not run. The effect of
blade number, however, is clearly indicated by the comparison

between the fourteen-bladed and eight-bladed cases:
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Meter w
No. of Net Angle of Factor U)i a

Blades Vv fi/sec Attack, Deg. ¢ P, psi cycles/cal rad/sec rad/sec

14 37.11% 0.0764 8.3 532.99 922.28 897.02

8 37.115 0.0592 4.9 309.84 922.28 912.56

The velocity profiles are identical and are not shown.
Variations in the angle of attack occur near the rotor tip
where the angles of attack become large and interference from
adjacent blades is more important (see Figure 28). The most
significant change occurs in the interference coefficient
shown in Figure 29, The driving torque is actually less
for the lower blade numbers as shown in Figure 30, but the
rotor speed is much higher due to.the significant decrease
in blade tip drag as well as the reduction in interference
effects. As would be expected, the rotor is approaching the
ideal speed, since at low blade numbers the blade operates as
an isolated airfoil.

The capability to analyze a flat bladed rotor was desired
to have as flexible a program as possible. A significant
percentage of the meters used, Potter's in particular, have
flat blades and these can be accommodated with the proper
input format. Because details of the Potter designs were

not availabie, a fictitious case was used to verify that
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the program would function properly for these cases. The
blade angle selected was the mean blade angle of the previous
helical rotor.* Comparison with the helical rotor having
the same blade number is shown Lelow:
Meter
)

Blade Net Angle of Factor i LDa
Tvpe v _ft/sec Attack, Deg. &P, psi cycles/qgal rad/sec rad/sec

Helical 37.115 0.0764 8.3 532.99 922,28 897.02

Flat 37.115 0.0991 8.0 511.41 899.05 860.70

The most significant change, as would be expected, is in

e I I

the blade angles of attack (Figure 31). Because the blade
is flat, these angles are larger at the hub and at the blade
tip. The blade interference coefficients shown in Figure 32 y '
are virtually identical, as they should be, since the helical
rotor is assunmed to have a flat profile at any radius. The

i
larger variation in angle of attack is reflected in the ! g
driving torque curves as shown in Figure 33,

Test cases were run on nominal-geometry meters to establish

the changes resulting from the substitution of journal bearings

for the nominal-case, ball bearings. Because the bearing drag

* Note that this arbitrary selection of blade angle for the
flat blade implies that the computed rotor speed has no
significance. The flat-blade effects therefore appear in

the shapes of the tcrque, angle of attack, and K_ curves
(see Figures 31, 32 and 23). °
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was 80 small for the high Reynolds-number ranges evaluated in
this study, there was no detectable effect on meter performance,
and these data are therefore not included here.

A final meter-configuration evaluation was made to
determine the effect of readout drag; i.e., nominal cases
were run with RF and magnetic pickups. As might be expected,
the drag effect of the readout device was so small as to be
indistinguishable, and thus these data are also not presented
in this report.

Based on the results of the test cases with water and
oil, 1t is clear that one of the most significant parameters
in the program is the velocity profile, Velocity enters
many expressions as a sguared term, and the shape of the
profile is directly reflected in the driving torque curves,
To further illustrate the importance of the velocity profile
on the final rotor speed, 8several test cases imposing various
profiles on the blades were prepared.

In the first case, a flat velocity profile with V
everywhere equal to the average velocity v was used. This
simulates the assumption common to virtually all prior
analyses. For the second case, the velocity profile in the

flow straightener was imposed on the rotor. The flow-et aightener
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region commonly has a larger flow area, and a transition
occurs to a smaller annular area as the fluid passes over
the hub assembly. Because of this transition, some questions
were raised about whether the turbine meter inlet velocity
profile or flow straightener velocity profile should be
used. Both of these cases were included to determine which
gave rotor speeds more closely related to the actual speed.
A final fictitious case consisted of forcing the Nikuradse
full-pipe velocity profile on the turbine, a limiting case
that would exist only if no flow straighteners were used
and the hub obstruction was negligible. The results of

these cases are shown below:

Meter L w)
Net Angle of Factor i a

Profile v_ft/sec Attack, Deg. 4P, pei cycles/gal rad/sec rad/sec

Standard 37.1195 00,0764 8.3 532.99 922.28 897,019
Average

Velocity

v 37.115 0.078Y 8.2 506.95 922.28 853,197
Straighten-

er Velocity

V8 37.115 0.0827 8,3 509,72 922.28 857.8¢
Full Pape 37.119% 0.1048 8.3 402,93 922,286 0iB.l4

The velocity profilos for these test cascs are shown in

Figure 34, The flatter profile of Nikuradse is based on tLhe
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full pipe diameter. The blade angle of attack variations
shown in Figure 35 for the standard and swirler profiles

are similar; except at the larger radius where the velocity
profiles have slightly different curvatures. Since the

full pipe profile does not go to zero at the rotor hub,

the angles of attack in this region are large. It must be
remembered that this is a fictitious case used only to
demonstrate the importance of velocity profile effects.,
However, the previously asgumed flat profile at the average
velocity is equally fictitious, since it also does not
satisfy the requirement of zero velocity at the rotor hub
and meter wall and, therefore, misrepresents the blade angle
of attack and driving torque variations when compared with
the standard velocity profile as shown in. Figures 35 and 37.

Since there are no changes in blade genmetry when the
velocity profiles are changed, the blade interference
coefficient remains the same, as shown in Figure 36.

The driving torque curves (Figure 37) reflect the
combined effects of the blade angle of attack variations
and the shape of the velocity profile. The flat and full
pipe curves show large departures from the standard and

swirler torque curves. The torque crossover points from
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positive to negative are not the same in this carce, since
the blade angle of attack crossing points are different
also. An irportant point, however, 1is that the past
assumption of a flat velocity profile yives a driving torque
curve that departs significantly from that of the standard
velocity profile, Even mo e important is the fact that only
the standard velocity profile based on the annular area at
the turbine inlet gives the correct rotor speed and meter
factor. Although the driving torque curves for the swirler
velocity are gimilar to those for the standard profile, only

the latter gives the correct rotor speed, as shown in the

previous tabulation,




VII. CONCLUSIONS

A complete analytical model of the turbine flowmeter
has been formulated, including, for the first time, the
capability for examining airbitrary (non-flat) inlet velocity
profiles. The developed performance model includes an
analysis of the dominant retarding torques and factors
influencing the net driving torgque. Although some secondary
effects have not been included, the model is complete in
terms of being able to quantitatively predict turbine meter
performance. This has been demonstrated with the example
of a meter where the fluid passes from a preswirler with
flat blades to a heiical bladed rotor. The predicted roctor
speed was well within normal meter-to-meter tolerances. Several
factors outlined in the original Work Statement have not been
accounted for in the present study. These are asymmetric
velocity profile (see Recommendations, Section VIII),
breaking-in running, chemical reactivity of the fluid, and
the presence of entrained particles or cavitation (other
than their effect on velocity distribution, which is included
in the model). These effects, as well as acceleration and
-vibration, were considered in the course of the study, and

were ~'ac2d in the Zalwegory ot operational factors rather
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than performance factors. There are also other factors which

account for meter-to-meter variations, but which obviously
cannot be included in an analytical model. One of these is
the hand tailoring sometimes used by the meter manufacturers
to bring meters within tolerance, including the océasional
bending of several blade tips and filing of blade edges.

As part of the flowmeter performance model study,

numerical test cases were prepared to explore the model's
capability to predict the dependence of meter registration
on flow rate, temperature, fluid, meter geometry (including
manufacturing tolerances), bearing type, blade number, blade
geometry, and velocity profile. Of all these parameters, the
velocity profile was found to have the largest effect on the
rotor speed and meter factor. Meter geometry effects due to
temperature did result in distinct changes in meter registration:
however, variations with normal manufacturing tolerances could
not be detected. Effects of changing fluid properties (i.e.,
viscosity, temperature, etc.) were observed, as predicted, but
were important principally through their effect on velocity profile.
The present analysis obtained the bearing retarding torque

from data supplied by the bearing manufacturer, as being

typical of the given bearing design. Based on these data,
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the bearing drag does not appear as a significant retard-
ing torque. However, meter manufacturers generally do not
have a running torque tolerance on bearings, and individual
bearings they purchase are not tested nor are they pur-
chased in matched pairs. Customarily, bearings with high
drag are eliminated during calibration based on the over-
all meter acceptance tolerance. This would suggest large
bearing-to-bearing variations in drag could be tolerated
before the bearing drag appears as a dominant term during
calibration to the degree that the meter is rejected. Pro-
duction information on these variations were not available
from the bearing manufacturer, since the bearings are only
occasionally spot checked. However, they claim that these
variations are "small." These factors cannot be included
in a general analytical model since they are peculiar to

a specific flowmeter and bearing design. They also under-
score the importance of using actual bearing drag data,
since these effects would not appear in a typical analytical
bearing model. However, the capability to study these effects
in terms of total meter performance exists with the present
model once the meter and bearing design is selected and

the specific data obtained. 1In any case, for the flow

rates simulated (in both water and oil), the bearing drag
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was found not to be the dominant retarding torque, often
comprising less than 20% of the blade tip drag and rotor
hub drag. The use of journal or ball bearings also made
no difference in the high-Reynolds-.aumber range‘explored
in this study.

The most important single conclusion to be drawn
from the present program is that the primary factors in-
fluencing rotor speed in the high~Reynolds-number regime
covered by this study are the velocity profile and the
associated aerodynamic balance of the rotor. The magni-
tudes of all the retarding torques are small in this flow
regime, and the slope of the driving torque vs. speed
curve 1is so large that small changes in the retarding
torques will not produce significant changes in actual
rotor speed. Since the velocity profile has such a
marked effect on flowmeter performance, its accurate de-
scription is essential to a useful and accurate turbine
flowmeter performance model. For this reason, experimental
verification of the computed profile and other velocity ef-
fects is essential to the establishment of the performance
model as a useful tool for understanding meter performance,
operating and installation effects, and key parameters in

meter design.
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VIII. RECOMMENDATIONS

A. Analytical

Ihe analytical performance model developed during this
rrogram is far more comprehensive than prior studies, and
appears to characterize actual meter operating performance
guite accurately, as indicated by the sample numerical cases
described earlier. However, this study is no different than
any other analytical formulation, in that areas always exist
where recommendations can be made for further refinements.

The most desirable feature to be added to the present
program would be the capability to accommodate nonsym-
metric velocity profiles, one of the topics suggested in
the original Work Statement of the subject contract, but
far too difficult and ill-defined to have been included
in the scope of the present study. This effect could pPOS-
sibly be treated by some type of analytical transformation
technique which would convert the nonsymmetric profile to
an equivalent symmetric profile at the turbine inlet. The
complicating factor in this transformation is the transition
from an asymmetric velocity nrofile in a full pipe diameter
to annular flow at the turbine inlet. At the present time,

little is known about this transition in turbulent flow




for a non-swirling symmetric velocity profile. This, then,
should be the starting point for investigation 1n this area,
proceeding to experimental correlations between asymmetric
full pipe profiles and measured turbine inlet velocity
profiles. Because of the sensitivit: of meter registra-
tion to the velocity profile, these effects can only be
modeled with the assistance of detailed experimental
testing.

A significant potential area for follow-up programs,
therefore, would be development of an analytical representa-
tion relating upstream or installation factors quantitatively
to the turbine meter inlet velocity profile. This, of course,
can only be done after completion of the test program de-
scribed in the next paragraph, but such a representation
would effectively tie together the present analysis,
which essentially starts with a velocity orofile, and
the actual meter installation. The above mentioned asym-
metric vrofile transformation would also be a key link
tn nproviding a complete picture of the turbine flowmeter
performance, since it is virtually certain that at least
some viveline elements (e.g., elbows) will produce asym-~

metric velocityv profiles and asymmetric swirl.

- 186 -




Another possible area for refinement is the blade tip
clearance drag, since it appears from the numerical case
examined that this constitutes a significant retarding
torque. The present analysis 1s based on an analogy with
bearing fluid drag. Although the geometries are different,
this approach should be conservative, but a more refined

analysis possibly should be considered.

B. LXperimental Test Program

There are three major goals in the recommended ex-

perimental program:

1. Evaluate the applicability of the analytical
model developed under the nresent program.

2. ECstimate, if rossible, the magnitudes of the
few parameters which could not be quantified
analytically.

3. Establish guantitatively the effects of in-
stallation and upstream pining configuration
factors.

Of these three goals, it is clear from the above-

stated conclusions of the present hich-Reynolds-number
study that No. 3 is by far the most critical, since the

upstream effects determine the velocity profile, which,
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in turn, dominates flowmeter performance prelictability.
1t is thereforc recommended that, should the experimental
program be limited because of funding restrictions, this
area be emphasized to the exclusion, if necessary, of the
otner two above-stated goals. |
Following Ttem 3 in importance is Item 1, whereas
Ttem 2, although certainly of interest, probably does not
entail any significant performance variations. Thus, the
test program recommendations detailed in Appendix E are
broken down into the three classes of tests indicated.
Note, also, that the instrumentation necessary for
Goal No. 3 1is not, in general, the type of instrumentation
needed for turbine flowmeter evaluation, and that the
requisite test facilities for this area of the experi-
mental program do not include flowmeter provers or
calibration installations of the conventional type. This
special fac lity requirement, therefore, must be keot in
mind when the test program is being implemented. Aopvendix E
also includes, therefore, a brief descrintion of the neces-
saryv facilities and instrumentation, as well as an outline

ot the evaluation program.
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APPENDIX A

LIST OF SYMBOLS

blade aspect ratio

acceleration of meter

chord of blade

journal bearing radial clearance
local drag coefficient

theoretical lift coefficient of a hlade with
interference effects

theoretical life coefficient of a single isolated
blade

friction factor
blade aerodynamic bearing thrust load
bearing thrust load due to rotor hub fluid drag

bearing thrust load due to pressure drcp and
acceleration

mixing length constant for inner portion of
velocity profile

mixing length constant for outer portion of
velocity profile

cascade interference coefficient
journal bearing length

overall meter length

lead of helical blade

length of flow straightener
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rotor mass

number of rotor blades

number of bearings

number of straightener blades
pressure drop due to friction losses
demign volumetric flow rate

radiue to differential blade element

radius to plane of zero shear

journal bearing shaft radius

transformed vortex location in potential flow
sclution

meter body radius

turbine rotor hub radius

turbine rotor tip radius

meter body radius at reference temperature of 70°F
inner radius of flow straightener

outer radius of flow straightener

rotor tip radius at reference temperature of 70°F

Reynolds number
rotor blade spacing

zero shear plane radius/inner radius of annulus

zero shear plane radius/outer radius of annulus L

~-A 4- . {




N o

rotor or straightener space-to-chord ratio
rotor blade thickness

straightener blade thickness

rotor driving torque

rotor hub retarding torque due to fluid drag

reference temperature

retarding torque due to blade tip clearance drag

journal bearing retarding torque

retarding torque due to pickup drag
retarding torque due to ball bearing drag

inlet velocity relative to blade

exit velocity relative to blade

circumferential component of relative velocity

free stream or mean flow velocity relative to blade

non-dimensional fluid velocity

absolute blade inlet velocity
axial component of absolute velocity
average fluid velocity

rotor width
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i Y = non-dimensicnal radius for inner portion of

§ i velocity profile
H
i +
Yo = non~dimensional radius for cuter portion of

i velocity profile

i
! K = angle of inclined portion of preswirler
X L = transformed angle in potential flow solution

= coefficient of thermal expansion for meter body

coefficient of thermal expansion for meter rotor

B o
n

T
féi = angle made by the inlet velocity with the meter axis
/{ = angle made by the exit velocity with the meter axis
P
/fi = angie between the mean flow velocity direction and
the meter axis
J = blade stagger angie
N = fluid circulation
& = blade effective angle of attack ( 5= ¢ -/6‘ )

= effective lift experimental factor

= transformed plane in potential flow

dimensionless momentum thickness

¢
¢
' = non-dimensional distance defined Zor velocity profile
o
A

= blade airfoil efficiency

A = absolute or dynamic fluid viscosity
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Kinematic fluid viscosity

cascade loses coefficient
fluid density

wall shear stress

angle between the meter axis and the vertical

ideal nonslip rotor speed

actual rotor speed of a real meter
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APPEKDIX B

Computer Program Listing

5 s A technical description of the turbine flowmeter
performance model was given in the main body of the
report. The purpose of this appendix is to provide

a listing of the computer program and to describe the
preparation of the input data and the use of the pro-
b gram. The input variables used to describe the meter

geometry are illustrated on the meter cross section

g e

shown at the end of this text.

The computer program listing given at the end of
the appendix was written for the IBM 7094 computer
using Fortran 1I. For those systems where Fortran IV
is desirable, the deck can be easily transposed with
the proper conversion routines for this purpose.

Every effort has been made to make the program readily
adaptable to most existing computer systems with a
minimum of modifications.

The original listing contained a set of statements
for obtaining punch card output to be used with a plot-
ter to obtain the velocity profiles and variation of
other parameters with radius. Because of the wide
variation in punched card format for plotters, these

statements have been removed or replaced by a

3 -B 3-
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Hollerith statement which indicates the location at
whicl data cards should be puncihed using the format
of the particular user's system.

Most of the input concerns the meter geometry and
the fluid properties plus some numerical codes to util-
ize the optional subroutines. The only input variable
requiring any judgment is the initial guess for the
rotor speed. The program will automatically converge
on the proper speed, but it is necessary to estimate
a rotor speed as a starting point for the iteration.
The program will converge even with a poor guess, buvt
this practice wastes machine time. The program computes
one set of variables for the assumed speed and a second
set at a speed a small increment removed from the ideal
speed. Based on these differences it predicts a speed
and computes a third set and finally, after comparing
these residual torques with the initial guess, it com-
putes a fourth set. If the fourth iteraticn is within
the specified convergence torque tolerance, the next
case is computed. If the convergence criterijon has not
been satisfied, the iteration is continued until this
occurs. The output for the third and fourth iterations
should be reviewed and the case with the smallest re-

sultant torque selected.
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The present program torque convergence criterion
is 0.001 ft-1b, i.e., when the driving torques and
retarding torgques balance to within this tolerance,
the program proceeds to the next case. In most
cases the predicted rotor speed by th: Newton-
Raphson method results in residual torgues less than
this by as much as another order of magnitude. This
convergence criterion was not made an input variable,
since it directly affects the machine time per case.
For those who would like to modify this tolerance for
specialized cases, the card after Statement 95 can be

altered.

The data cards for a typical test case are listed
at the end of the program listing. The first 25 cards
compose the bearing drag vs thrust load and speed
table for ball bearings. Prior to making this entry,
the user should prepare a table of bearing running
torques vs shaft speed for several values of bearing
thrust load. The first entry on Card 1 is the number
of load points plus one. The second entry is the
number of bearing table card sets to follow. These
entries should be right hand justified with no deci-
mal points. The first ertry on Card ? is a zero, and
the remainder of the entries are the thrust load

values in pounds. If more than three load values are
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uged, the remaining values should be entered on Card 3.
In this case Cards 2 and 3 are referred to as a set,.
The first entry in Card ¢ is the shaft speed at which
the bearing drag entries will be made. The remaining
entries on the card are the bearing running torque val-
ues in ft-1lbs for each of the respective loads specified
4 Cards 2 and 3. Cards 6 and 7 are similar to 4 and 5,
containing the bearing running torque values for the
respective loads at another shaft speed. Additional
card sets are prepared covering the anticipated range
of rotor speed. The total number of card sets in the
bearing drag table should correspond with the entry
on Card 1. The bearing drag table accounted for the
first 25 cards of input, i.e., 12 sets of 2 cards each,
plus the initial code card.
(For meters having journal bearings instead of
ball bearings, the user should enter a 1 in columns
5 and 10 of Card 1; Card 2 should be blank, followed
by an identification card and the meter geometry carda.)
Card 26 for the test case is an identification card
for the run and must be included. Entries on Card 27

are the meter body radius Rg in; the rotor hub radius
1bm

Ry in; the fluid absolute or dynamic viscosity/AL‘EE:-—-

sec
the volumetric flow rate q ft3/sec, the fluid density

/ﬁ’lbm/ft3, and the blade airfoil efficiency A .
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(Test cases have shown that N has little influence on
the rotor speed and A= 1.0 is commonly assumed.)

Entries on Card 28 are the rotor blade thickness t
in.; the rotor width w in.; the rotor lead L in/rev;
the number of rotor blades N (fixed point entry - right
hand justified); the overall meter length Ly in. Only
these entries are required for a helical bladed rotor.
(For a flat bladed rotor with a fixed stagger angle LA
in degrees, this entry is made in Columns 50 to 60 of
Card 28, and the rotor lead is entered as 0.0.)

Entries on Card 29 include the rotor mass My lbs,
the external acceleration (if any) a ft/sec2; the es-
timate of the actual rotor speed“h rad/sec; the angle
between the meter axis and the vertical, ¢ degrees
(must be 90° for horizontal operation); and the radius
to the rotor tip Rp in.

Entries on Card 30 define the flow straightener
geometry. These include the straightener blade thick-
ness tg in.: the width of the inclined preswirler sgec-
tion Wg in.; the angle of the inclined portion of the
preswirler « degrees; the number of straightener
blades Ng (fixed point and right hand justified); the
outer radius of the flow straightener R,,, in.; the
inner radius of the flow straightener Ry’ in.; and

the length of the flow straightener Lg in. (For meters
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with a conventional straightener section without a pre-
swirler set, £ = 0.)

Entries on Card 31 include the RF pickup drag in
ft-1b (this quantity is a negative drag in this case,
since it actually contributes a positive torque); the
coefficient of thermal expansion for the meter body

/3g in/in °F; the coefficient of thermal expansion
for the rotor body /33 in/jn °F; and the nominal refeir-
ence temperature T, at which the above geometry is en-
tered. For meters having a magnetic pickup, the ?rag
due_to the magnetic unit was expressed in the form
a + bw,2, where the coefficients a and b are the last
entries on Card 31 and the RF pickup drag is set equal
to zero.

Entries on Card 32 are non-zero only if a journal
bearing is being simulated. In ithis case the first
entry is 1.0 as an indicator code. The remaining
entries are the journal bearing shaft radius rg in.,

the journal bearing clearance c

18 in., and the journal

bearing length LJB in.

Ccard 33 is used to describe the polynomial coef-
ficients when a velocity profile based on test data is
substituted for the profile normally calculated by the
program. The velocity data (ft/sec) should be fit with
the polynomial C) + Car + C3r’ + Cqr? + Cgré + cgrd +

C-,:6 + C8r7. The first entry on Card 33 is a code
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punch in Column 1 which should be zero if velocity
profile will be calculated by the subroutine in the
program, and unity if the profile will be described by
the 8 coefficients which are specified on the remain-
der of the card. (Note that the first field is only

9 columns wide, while the remainder are 10.)

Entries on Card 34 are the number of bearings per
meter (right hand justified); the number of computa-
tion intervals across the flow annulus (right hand
justified -- 200 has been found to be sufficiently
e ~curate); and the increment aviy from the rotor
hub at which the integration begins (usually 0.00001).
The integration cannot begin exactly at the hub be-
cause the velocity vanishes and some expressions

contain velocity terms in the denominator.

A typical set of data cards is listed at the end
of the main program listing. To avoid disclosing
meter geometry that may be proprietary, the data
entered are fictitious but typical of the class of

meter used in the study.
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SENSE SWITCH 1 MAY BE TURNED ON FOR AN EXPANDED OQUTPUT.

SOME SYMBOLS USED IN THIS PROGRAM,
N = NUMBFER OF BLADES
RH = RADIUS TO ROTOR HUB

FLUID LOCAL VELODCITY

ACTUAL ROTDR SPEED

cL LIFT COEFF,

KO RATIO DF ACTUAL TO [DEAL AIRFOIL LIFY

ALFST= ANGLE DEFINING BRANCH POINTS OF POTENTIAL SOL.
GAMMA= BLADE STAGGER ANGLE

WA

RT = RADIUS TO ROTOR TYIP
R8 = RADIUS TO INSIDE BORE OF METER BOOY
W = ROTOR WIDTH
C = ROTOR BLANE CHORD LENGTH
S = ROTOR BLADE SPACING
Q = METER VOLUMETRIC FLOW RATE
RHO = FLUID DENSITY
INU = FLUID KINEMATIC VISCOSITY
BETA = CNEFF, OF THERMAL EXPANSION
IMR = ROTOR MASS
A = ACCELERATION OF METER
6 = ACCELERATION DUE TO GRAVITY
VBAR = FLUID AVERAGE VELOCITY

| J

L J

=

co = DRAG COEFF,

PHI = ANGLE BETWEEN GRAVITY VECTOR AND METER AXIS
L = HELIX LEAD (IN/REV)

N8 = NO, OF BEARINGS.

0T = TEMPERATURE DIFFERENTIAL.

ILm a2 METER LENGTH,
PICKUP = MAGNETIC COOPER FORCES.

ALL TORQUES IN FT. LBS.
ALL FORCES IN LBS.

INPUT RB, RH, INU, Q, RHO,
#«22PROGRAM STEPS®a%s

1)FIND VBAR=F(Q)

2)FIND REYNOLDS NO,

IIPREDICT FRICTION FACTOR

4)CHOOSE RM=MEAN RADTUS AND GET SHEAR {6A)
S)COMPUTE KO/KI

6)COMPUTE SHEAR FROM (6B)

TIFIND RATIO OF SHEARS FROM (2)

8)FIND SO, SI, AND ETAD, ETAI

9)COMPUTE A AND 9

10)YITERATE UNTIL EO(4) 1S SATISFIED
11JUSE (1) TO ORTAIN v= F(R) FOR TORQUE EQ.

WA IS THE ROTOR VEL. T0O S3E FOUND WHEN ALL TORQUES BALANCE.
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1

DIMENSION PLOT(5,400)
DIMENSINN BEAR({6415),COEFT(8)
COMMON BEAR,TTORQ,ZLM,NRTABI,.NRTABJ
COMMON [POLY,COEFT
COMMON VBAR,REYN,ZFRICT,Z2KND4RBRH,y ZINU,Q,RHO,,EQ4 yRATIO2
COMMON A64B6sSTAURHySTAURB,RM,RMS,STAUS] ,STAUSO,TANB] ,TANB2
COMMON ToWoZLyZNyGAMMALASTCOSGeSING
COMMON G RMASS A WA PHILRT
COMMON NQ+RHOHLDELTAP,CDyVH,DRIVFFDRAG,BRLOAD,TT8,TANG
COMMNON RGUESSsCOSGHySHyGHyC 4y S, SGUESS
COMMON TSyWS,AS NS ROSWRISyNSTEP
COMMON PICKUP,ZJBR,ZJBC,2J8BL,J8
COMMON ETALEPS,DT,NB
COMMON EPSH,T1G,T2GeT1,T2,T3,GMB,2ZLS
CONTINUE
WRITE OUTPUT TAPE 6,92
ALL IN INCHMES.
READ INPUT TAPE S5,4,NBTABI,NBTABY
00 S J=1,NBTABJ
READ INPUT TAPE 5,3,(BEAR({1,4J),1I=1,NBTAQI])
FORMAT(F10.3,3F20,9/4F20,9)
CONT INUE
CONT INUE
1JK=5
READ A LABEL CARD,
READ INPUT TAPE 5,158 'fq

Mt s e e

Sl AR SDL 20 ST ~ ¥

FORMAT (B80OH

READ INPUT TAPE 5,1,RB,RH,ZMU,QsRHOLETA

IF(RB)Y96,96,97

CONT INUE

INU=ZIMU/RHO -

FORMAT (7F1l0.4) !

READ INPUT TAPE 5,2, ToWyZLsN,7LM, GAMMA

FORMAT(3F]0.4915:5X93F10.4)

READ INPUT TAPE S,14RMASS,A,WA,PHI,RT

READ INPUT TAPE S5,2+TS,WS,AS,NS,ROS,RIS,ZLS

READ INPUT TAPE 5,6,PICKUP,BETABsBETAR,TEMP,PICKA,PICKA

FORMAT(F20.943F10.442E10.3)

PICK=zPICKUP

READ INPUT TAPE 5,1,2JB,2J8R,Z2JBC,2JRL

IF THE ZJB ( OR JB ) IS NON ZERQO, THEN USE JOURNAL BEARING.

JB=2J8

NOTE THAT COEFFICIENTS COME FROM A POLYNOMIAL FIT QOF RADIUS IN
INCHES., THE COEFFICIENTS ARE CONVERTED TO FT., INTERNA' LY,

READ INPUT TAPE S,7,1POLY,COEFT

FORMAT{I1,F9,0,7F10.0)

READ INPUT TAPE S5,44NB,NSTEP,EPSH

FORMAT(215,F10.7)

WRITE QUTPUT TAPE 6,158

WRITE QUTPUT TAPE 6349sNByNSTEPHEPSH

e
[ DU WY Sl

s e
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8l

8li

a2
a3

84

6.3’..2

WRITE OUTPUT TAPE 6,9R PR RM2ZNU,0,RHN,ETA

FORMAT (20HORB4RH4INU,QRHND,FTA /6ELS,T)

WRITE NUTPUT TAPE 6GoRLeToWe2LeNyZ2LM

FORMAT («OHOT, Wy Le Ny LENGTH OF METER FOR TURIINE /
AEL9.TH15,EL18.T)

WRITF OQUTPUT TAPE G,R7,RMASS, A, WA, PHI,RT

FORMAT I 36HOMASS, Ay, OMEGA, PHMI, RT FOR TURBINE /SE15,71)

WRITE QUTPUT TAPE 6,83, TS,WS,AS,NS,ROS,RIS

FORMAT(31MHOT, Wy Ay Ny RDe RI FOR SWIRLER /3EL15.,7415,2E15,.7)

WRITE QUTPUT TAPE 6,84,1P0LY,CNEFT

FORMAT(IIHOVELOCITY POLYNMIAL CONEFFICIENYS /12,8E810.3)

CONVERT POLYNOMIAL COEFFICIENTS YO FT,

COEFT{1)aCOEFTC(1)/12,

DENOM'IZ.

D0 A [1=2,R

COEFT{III=COEFT(I1)/7DENON

DENOM=DENOMe ] 2,

CONTINUE

CONVERT TO ¥T71,

RB=RB/12.

RHERM/1 2,

T=sTr12.

wWsW/1l2.

ZL=2L/12.

RT=RT/12.

RIS=RIS/12.

ROS=ROS/12.

WS=WS/12,

TS=T7S5/712.

ILS=2LS5/712.

LM 2L M/)2,

12JBRaZJBR/12,

ZJ8C=2JBC/12.

lJBL=2JBL/]12.

CORRECT FOR TEMP, EXPANSION,

CORRR=] ,+BETAR®(TEMP-TO,}

CORRB=] ,+BETAB®(TEMP-T0,)

RB=RB*CORRB

RHsRH*CORRR

TsT*CORRR

W=WsCORRR

RT=RT#CORRR

RIS=RIS*CORRR

ROS=ROS*CORRB

WS=WS*CORRR

TS=TS*CORRR

ZLS=2LS*CORRR

M= L M*CORRA

CONVERT RMASS TO SLUGS.

RMASS=RMASS /G

CONVERT PHI TD RADIANS.

PHI=PH]I*3,14159/180.
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AS=AS*3,14159/180.
GAMMA=GAMMA®3,14]159/7180.,
CHECY, THAT B8NDOY RADIUS GREATER THAN TURBINE RADIUS,
1FIRT-RB)5664,565,565
565 CONTINUE
WRITE QUTPUT TAPE 64566
566 FORMAT(///59H THE TURBINE RADIUS IS GREATER OR EQUAL TO THE BODY R
S661ADIUS. //745H CHECK INPUT DATA, WILL PROCEED TO NEXT CASE.)
G0 TO 90
S64 CONTINUF
USE RHD AT HUB AS FLUID RHO,
RHOH=RHO !
INz=N
IKD= .4
93 CONTINUE
INTEGRATE FOR GIVEN WA,
PICKUP=sPICK
IF 'PICKUP?Y 1S ZERO, THEN FIT FORM PICKUP=AxWeW+B
IF(PICKUP)T72,71,72
71 CONTINUE
PICKUPsPICKA*WAT®WA+PICKE
72 CONT INUE
CALL ITERWA(PLOT)} .
CHECK REYNDLO'S NUMARER 6T, 10,000,
IF(IPOLYI90,14,14
14 CONT INUE
WAl =KWA
TORQL1=TTQORO
WAsWA®*] ,0001
PICKUP=PICK
IF(PICKUP)T3,74,73
T4 CONTINUE
PICKUP=PICKA*WA*WA+PICKB
73 CONTINUE
CALL ITERWA(PLOT)
CHECK REYNOLO'S NUMBER ,GT, 10,0170,
IF(1POLY)90,15,15
15 CONTINUE
WA2=WA
TORQ2=TTORAD
CORRECT WA BY NEWTON-RAPHSON METHOOD.
DTORQ=(TORQ1-TORQ2)/(WAL1=-WA2)
WA=WAL1~TORO1/DTORQ
WRITE QUTPUT TAPE 6,9) WA, WAL, TORQL,TORO2
91 FORMAT(19H ITERATION ON OMEGA 42F10,3,2E15.7)
WRITE OQUTPUT TAPE 6492
92 FORMAT(1H1)
1JK=1JK~]
1IF(1JK)90,90,95
95 CONTINUE
CONVERGENCE CHECK 1S HERE,
IF(ABSF{TORQ1)=,0021194,94,93
94 CONTINUE

- r—

———— — e
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THIS IS WHERE CAKDS ( OR PLOTS )} WOULD BE PRODUCED. ARRAY 'PLOT!
CONTAINS 5 PARAMETERS = RADIUS, VELOCITY, ANGLE OF ATTACK,
INTERFERENCE COEFFICIENT, AND NET BLADE DRIVING TORQUE,

G0 T0 90
END

~Blb-




SUBROUTINE ITERWAL(PLOT)
DIMENSION PLOT{5,400)
DIMENSION BEAR(6,4,15),COEFT(8)
COMMON BEAR,TTORQyZLM,NBTABI,NBTABJ
COMMON IPOLY,COEFT
COMMON VBAR yREYN,FRICT,2K0,RByRHy ZNU, 0 4RHOEQ4,RATIO3
COMMON A64B6ySTAURH;STAURB,,RM,RMS,STAUSTSTAUSO,TANB]1,TANB2
COMMON ToeW,ZLyZNyGAMMA,ASTCOSGySING
COMMON GoRMASS A WA PHI 4RT
COMMON 0QQ,RHOH,DELTAP,CDyVH, ORI VE,FORAG+BRLOAD,TT8,TANG
COMMON RGUESS)COSGHySH,GHsC»SySGUESS
COMMON TSyWSyASyNSyROSH RIS, NSTEP
COMMON PICKUP,2.BR,2J8BC,2JBL,J8
COMMON ETALEPS,DT,NB
COMMON EPSHeT1G¢T2GyT1,T2,T3,GMB, LS
o D0 PART OF PRE-SWIRLER FIRST,
INS=NS
RABTURB=RB
RHTURB=RH
RB=ROS
RH=R]S
VBAR=Q/((3,1415927%(RB*RB=RH*RH)) =(ROS=-RIS)I*ZNS+TS)
REYN=2 ,*VBARZ*RB*(1.-PH/RB)/ZNU
FRICT=,046/(REYN%®%,2)
C CHECK REYNOLD'S NUMBER ,GT, 10,000,
IF{RENCHK(REYN))I16916417
16 RETURN
17 CONTINUE
IF{SENSE SWITCH 1)600,601
600 CONTINUE
WRITE OUTPUT TAPE 6,101,VBARLREYN,FRICT,RB,RH
101 FORMAT (BOHOPRE=-SWIRLER VBAR, REYN, FRICT, R=-B80DY, R=HU3 (FT,)
1011 /5E15.7)
601 CONTINUE
C COMPUTE RM FOR PRE-SWIRLER,
CALL SUBRM{RMS)
IF{SENSE SWITCH 1)602,603
602 CONTINUE
WRITE OUTPUT TAPE 6,103,RMS

103 FORMAT (20HO MEAN R (SWIRLER) /E15,7)
603 CONTINUE

C STORE SHEARS FOR PRE=-SWIRLER,

C COMPUTE SOQRT (TAURI/RHO) AND (TAURO/RHD)

STAUSI=B6*¥INU/ (RMS=RIS)
STAUSO=A6*INU/ (ROS-RMS)

c CONVERT BACK TO TURBINE,
RB8sRBTURB
RH=RHTURSB
VBAR=Q/ (3.1415927%(RB*RB~RMH*RH})
REYN=2,.5xVBAR*RB*(1,=RH/RB)/ZNU
FRICT=,046/{REYN®®,2)

c LCHECK REYNOLO'S NUMBER ,GT, 10,000,
IF(RENCHK(REYN) 11,411,412
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11
12

504

CONT INUF

RETURN

CONTINUF

IF(SENSE SWITCH 1)604,605

CONTINUE

WRITE OQUTPUT TAPE 6,104,VBAR,REYN,FRICT RB,RH

104 FORMAT (BOHO TURBINE VBAR, REYN, FRICT, R-BODY, R-HUA
1061 /5€15.7)
605 CONTINUE

97

606

106
607

WRITE CUTPUT TAPE 61974 VRBAR,REYN,FRICT
FORMAT (16HOVBAR,REYN,FRICT/3EL15.7)
COMPUTE RM

CALL SUBRM(RM)

IF(SENSE SWITCH 1)606,607

CONTINUE

WRITE OUTPUT TAPE b64106,RM

FORMAT (2040 MEAN R TURBINE /E15.7)
CONT INUE

RMT =RM

COMPUTE SORT (TAURH/RHO) AND (TAURB/RHO)
STAURH=B6®ZNU/ (RM=RH)

STAURB=A6%ZNU/ {RB~RM)

INTEGRATE THE EQUATIONS IN A SUBROUTINE,
CALL INTEG(PLOT)

RETURN

END

-Bl18~
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SUBROUTINE INTEG(PLOT)
FORM INTEGRAL OF DRIVING TORQUE, FLUID DRAG AND ETZARING DRAG.
DIMENSIDN PLOTI(5,400)
DIMENSION BEAR(AK,15),COEFT(8)
DIMENSION Y(25)
COMMON BEAR,TTORQ,ZLMyNBTABI NBTABYJ
COMMON [POLY,COEFT
COMMON VBAR,REYN,FRICT,ZKO,RB4RHyZNU,Q,RHD,EQ% ,RAT 03
COMMON A6 ,86,STAURH,STAURB ,RM,RMS,STAUST,STAUSO,TANBL ,TANB2
COMMON T ,W,Z2L2IN,GAMMA,AST,COSG,ySING
COMMON G RMASS,AsWA,PHI,RT
COMMON QQsRHOH DELTAPCN,VH,DRI/VEFDRAG,BRLOAD,TT8,TANG
COMMON RGUESSsCOSGHySHeGH,Cy Sy SGUESS
COMMON TSWSsASyNS,ROS,RISNSTEP
COMMON PICKUP,2JBRy2J3C,yZ7JBL,JB
COMMON ETAL,EPS,DT,NB
COMMON EPSHyT1G,T2G,T1,T2,T73,GMB, ZLS
LINE=O
COMPUTE IDEAL OMEGA FOR 4 POSSIBLE CASES.
IF({AS)531,532,531
531 CONTINUE
IFL2L)535,5364535
535 CONTINUE
SWIRLER PRESENT, ALPHA S NOT ZERD AND L NOT ZERO.
WIDEAL=VBAR*(6,2831854/20L+1,5*SINF(AS)*(RT*RT~RHeRH)/
1 (COSF(AS)*(RT*RT*R (~RHE=RH*RH) )}
GO T0 533
536 CONTINUE
WIDEAL=]1,5%VBAR®({SINF(GAMMA)/COSF{GAMMA)+SINF(AS)/COSF(AS) )
1 (RT*RT=RH®RH)/(RT*RT*RT=RHERH*RH)
GO TD 533
532 CONTINUE
IF(ZL)537,538,537
537 CONTINUE
STRAIGHT SWIRLER, L NOT ZERO.
WIDEAL=VBAR®6.2831854/2L
GO TO 533
538 CONTINUE
FLAT BLADE TURBINE, Ls0 AS =0 NEED GAMMA FROM DATA,
WIDEAL=)1,5*SINF(GAMMA) *(RT®RT=RH*RH)*VBAR/
1 (COSF (GAMMA ) *(RT*RTERT=RHERH*RM) )}
533 CONTINUE
INDEX=1
GET ZK] FROM EQ,., 4(DOR3) OF RM CALC.
INS=NS
VBARS=0/((3,14159273(ROS*ROS-RIS*RIS)I=(ROS=RISI®INS*TS)
2K1=2KO/EQ4
START INTEGRATION AT SOME SMALL DISTANCE AWAY FROM HUB.
INTEGRATE TO BLADE TIP,
RHHaRH+EPSH
INSTEP=NSTEP
DR={RT-RHH)/INSTEP
R=RHH
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c TME FOLLOWING ARE INDEPENDENT OF R INTEGRAL,

IF(SENSE SWITCH 1)608,609
608 CONT INUE
WRITE OUTPUT TAPE 6,101,R,RH,RB
101 FORMAT(4OHOINTEG NEAR MUR R, R-HUB, R~BODY J4E1S 7Y
609 CONT INUE
c INITIALIZE THE GUESS VALUE FOR SWIRLER.
SGUESS=1,5
RGUESS=1.5
RBAR= 5*(RT+RH)
RR=ROS-(ROS=RBAR)* (ROS=RIS)/(ROS=RH) [
c EVALUATE AT HUB.
, CALL OKS (RR,QQHS)
| CALL OK(RBARyZKH,0QH) :
i QlH=1./{1.400H) i
001H=QQH#01 N -
IF(ZL)651,652,651 .
652 CONT INUE ;
GH=S INF (GAMMA) /COSF (GAMMA ) i
G0 TO 653
651 CONT INUE
GH  =6.2831856%RH /ZL
653 CONT INUE
GH=ATANF {GH) oo
COSGH3COSF (GH) P
SINGH=SINF (GH) x
TANGH=S INGH/COSGH o
IF(SENSE SWITCH 11610,611 P
610 CONTINUE C
WRITE QUTPUT TAPE 6,102, 0QH,0Q1H,QQ1H,GH,COSGH,SINGH ,TANGH :
: 102 FORMAT(B8OHOQ(HUB), 1/7(140H), OH/({140H), GAMMA(H), COS(GH), SIN(
| 1021GH)y TAN(GH) /TE15.7)

FEm————Y

: 611 CONTINUE
: c NEW TAN BETALl FOR SCALING OF FLOW PROFILES.
g c EVALUATE FLUID DRAG, ETC. AT RBAR,

IF{RBAR=RM)121,121,122
121 CONTINUE
V=VEL (RBAR,RHyZK1,STAURH)
: GO TO 193
! 122 CONTINUE
: VaVEL(RBAR,RB,ZK0,STAURB)
193 CONTINUE
: IF(RR=RMS) 12441244125
! 124 CONTINVE
V1=sVEL(RR,RISyZK]4STAUST)
GO Y0 126
125 CONTINUE
V1=VEL (RRyROS,ZKO,STAUSD)
126 CONTINUE
TANB1H=RBARSWA/V
1 ~{2.*QOHS*SINF(AS) /(1 .+00HS) )2V]Ia({ (ROS#ROS-RIS=RIS)/
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2 ((RB* RB -RH*RH)I*CNSF{AS)))/V
IF (SENSF SWITCH 11612,613
612 CONTINUE
WRITE OUTPUT TAPE 64y103,V1,V,TANBLH
103 FORMAT (S50HOV(SWIRLER), V(TURBINE)}, TAN(BETAL(H)) /
1031 3E15.7)
613 CONTINUE
COMPUTE DRAG COEFF.
RBARz2,5*{RH+RT)
SH= (6.2B831854%RBAR =IN®T} /2N
CBAR=W/COSGH
CD=,074/(VBAR*CBAR/INU) %%, 2
IF(SENSE SWITCH 1)614,615
614 CONTINUE
WRITE QUTPUT TAPE 64104,CDySHyRBAR,CBAR
104 FORMAT(SOHODRAG COEFF, AT RBAR, S(RBAR), RBAR, C(RBAR) /
1041 &4E1S5,7)
615 CONTINUE
SH=(6.2831854%RH =IN®*T)/ 2N
CH=W/COSGH
IF{SENSE SWITCH 1)6164617
616 CONTINUE
WRITE OQUTPUT T..~E 6;105,SH,CH
105 FORMAT(20HOS(RH),y C(RH) /2E15.7)
617 CONTINUE
ROTOR HUB FLUID DRAG TERMS,
IF(2L)654,655,654
655 CONTINUE
TANGH=S INF {GAMMA) /COSF (GAMMA )
GO TO 656
654 CONTINUE
TANGH=6.2831R54%RBAR/ZL
656 CONTINUE
VBAR2aVBAR®VBAR
Té&=.5%RHOH2VBAR2#COSCHRINESH2C NSGH
TTS=QQ1H*TANGH+Q1H#*TANB1H
TS=TTS5*SORTF(1.+TT5%TT5)#RH
FORAG=T4*TS5/G
MORE BEARING THRUST TERMS,
T9= S*RHOHSVBARZ2*IN*CN*CH*SH*COSGH/ G
TT821,+(QQ1H*TANGH*QL1H*TANB]LH) *%2
T10=SQRTF(TTSH)
IF(SENSE SWITCH 1)618,619
618 CONTINUE
WRITE OUTPUT TAPE 6,108
108 FORMAT (S0HO*#**&TERMS IN BEARING THRUST NOT DEP. ON RADIUS. )
WRITE OUTPUT TAPE 69106,T79
106 FORMAT (50H0 .5%RHOH*VB*VB* Ne( D*CH*SH2COS(GH)/G /
1061 E15.7)
WRITE OUTPUT TAPE 6,107,710
107 FORMAT (60HOSORT(1+((QH/(1+0H)®TAN(GH)+1/(1+0H)eTAN(BETAL(H))ea2)
1071 /E15.7)
7910=T9%T10
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WRITE OUTPUT TAPE 6+19,T910
19 FORMAT {11HOHUB LOAD =,E15,7)
WRITE OUTPUT TAPE 6,109
109 FUORMAT (30KHO®*w*s START [NTEGRATION, )
619 CONTINUF
USE FFFICIENCY TERM IN DRIVING TOROQUE,
NOTE USFE 0OF CBAR' INSTFAD OF INTEGRATING OVER C,
AR= (RT=-RH)/CBAR
EPSmETA/(1.,42.¢ETA/AR)
c INITIALIZE INTEGRATIDN SUMS,
DRIVER=Q,
BRINT=O,
vvaQ,
VvSs0D,
ALPHIN=0O,
T1GGs=0,
T26G6s0,

e L2

NSTEPL1=sNSTEP+]
00 26 Is],NSTEP]
c 00 PRE~SWIRLER FIRST.
RMT =RM
RM=RMS
RR=ROS=-(ROS=R)*(ROS=RIS)/(ROS-RH)
IF(RR-RMS) 32,332,313
32 CONTINUE
VisVEL(RR,RIS,2ZK],STAUST)
GO T0 3¢
33 CONTINUE
VIaVEL(RRyROS:2ZKO,STAUSN)
34 CONTINUE
RM=RMT
C DETERMINE REGION ABOVE DR RELOW RM,
IF(R-RM)22,22,23
c HUB VELOCITY
22 CONTINUE
V=VEL { RyRH,ZKI 4, STAURK)
GO TO 24
23 CONTINUE
veVEL( ReyRByZKO,STAURS)
24 CONTINUE
CALL QK{(R,ZKC,00)
IF(SENSE SWITCH 1)620,621
620 CONTINUE
WRITE OQUTPUT TAPE 65,110,R,V1,V
110 FORMAT (4OHORADIUS, VI(SWIRLER)y VITURBINE) /3815.7)
621 CONTINUE
CALL TORQUE (V,V]1 4R}
RIN=R®*}2,
TL=T1/G
TBN=,5«CNeT2%T3/G
IF(LINE)B6,R6,85
86 CONTINUE

;
i
!
l
{
{
i
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‘e L INF=50 4
WOT 6416 {
WOT 5,87
Co WOT 6,88
i WOT 6,89
R woT 6,90
: 87 FORMAT(103HO RADIUS TURB INE ANGLE NOF  INTERFENCE DEFLECTI
Pt R710N STRAIGHT BLADE LIFT BLADE DRAG NFT BLADE )
o 88 FORMAT (106H (IN,) VELOCITY ATTACK COEFFICIENT COEFFICI i
P BBL1ENT VELOCITY  TORQUE TOROUE  DRIVING TORQUE ) :
P 89 FORMAT (102H (FT/SEC) (DEG) :
x 891 (FT/SEC)  (FT=LB) (FT-LB) (FT-LB) ) :
P 90 FORMAT ( 99H R vT NELTA K ov i
P 901 Vs TL TPO T0 )
RS CONTINUE !
LINE=LINE~1 |

WRITE QUTPUT TAPE 64123,RIN,V,GMB,ZKC,Q0,V1,TL,TBO,DRIVE
123 FORMAT(9F11.6)
PLOT(1+INDEX)=RIN
PLOT( 2y INDEX)=V
PLOT (3, INDEX) =GMB
PLOT (%4 INDEX ) =ZKC
PLOT (5, INDEX) =DR I VE
INDEX=INDEX+1
c CORRECT FOR END POINTS.
IF(1-2151,50,51
SO DRIVER=((DRIVER/DR)+DRIVE)*.5%DR -
BRINT=({BRINT/DR)+BRLOAD)*.5¢DR {
VV=({VV/DR)+V )%, 5%0R |
VWS { [VVS/DR)+V1)*.5%DR 5
ALPHIN= ( (ALPHIN/DR) +GMB ) &, S&DR -
T16G=.5*(T1GG+T1/G)*0R
T266=.5%(T2GG+.5%CN*T25T3/G)#NR
G0 TO 55 .
51 CONTINUE 1
IF(1+1-NSTEP1) 52,53, 54
53 UR1=DRIVE |
BR1=BRLOAD i
Vvisy .
VAR B3 ’ f
ALPH1=GMB §1

h— it b e ns e

T161=T16
1261=T26
6N TO 52

54 CONT INUE
DRIVER=DRIVER+(DR1+DRIVE)*,5%NR
BRINT=BRINT+(BR1+BRLOAD)*, S%DR
VVEVV 4,58 (VV1+V])*DR
VVS=VVS+,5%(VVS]1+V] ) *DR j
ALPHINZALPHIN+.5%( ALPH1+GMB ) $DR
T16G=T166+.5#( T1G1+T1/G) *DR
T266=T2GG+.5%(T2G1+.5#CD*T25T3/G) *0R
G0 TO 55
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oA

O

52

55

26

658

657

659

CONT INUF

DRIVER=NDRIVER+DR[ VE*DOR
BRINT=BRINT+BRLOAN*DR

VVaVvVV+VEOR

VVS=VVS+V]1®DR

ALPHIN=ALPHIN+GMB*DR

T166=T1G66+T1G2DR

T2GG=T 2GG+T2G*DR

CONT INUE

R =R4OR

CONT INUE i
MOVE R BACK TD LAST INTEGRATION PNINT,
R=R=DR

AVERAGE VV
VV1=VEL(RB-EPSHRB2K0,STAURB)

VLAST= . 5%(VeVV1)*(RB-EPSH=RT)
VV=VV+VLAST

VV=VV/ (RB=RH-2,%EPSH)

VVS=VVS/(RT=RH)

BLADE TIP CLEARANCE DRAG.

NOTE THAT 'C' [S LEFT OVER FRNM LAST INTEGRATION STEP,
REN=WAXRT*(RB=RT)/ZNU

F2,078/REN*%,43

BLADET 2 ,SXF*RHO*WASWARRTERT*RT#C*xTA2IN/G
PRESSURE NROP CALCULATION,

FOR BLADES====-

RBARS= .5% (ROS+RIS)

CALL OKS(.5#(ROS+RIS),00S)

RBAR=,5*(RH+RB}

CALL OKI(RBAR,2KC,00)

INS=NS

VBARS=G/ (34141598 (ROSSROS~RIS®RIS)) ~ZNS®TS* (ROS-RIS)
REN. NO. AT CBAR 0 TURBINE.

RENsVECBAR/ZINU

1F(2L)657,658,657

CONT INUE

GAM=GAMMA

GO TO 65¢

CONT INUE

GAM=ATANF (6.2831854%RBAR/ZL)

CONT INUE F
TANGS=S INF (GAM) /COSF(GAM)

TANBIH=zRBAR®WA/V

1 ~(2.%00S *SINFIAS)/(1.4005 ))*V1#((ROS*ROS-RIS*RIS)/
2 ((RB®RB ~-RH®RH)®COSF(AS)))/V

TANB2=TANB1+ 2.%Q0%(TANGS-TANBL)/(1.400) i
BETA2=ATANF (TANB2)

OPHz= . 0724 ZNSRHOBVEVEC/ { S#COSF(BETA2 ) %8 38REN®#, 208G 1644 )
DO PRESS. NROP FOR INCLINED PORTION OF SWIRL.ER.
§S2(6.,2831854¢RBARS-ZNRS*TSI/2ZINS

CS=WS/COSF(AS)

REN=V 1#C S/ INU
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TANGS=SINF{AS)/COSF (AS)
TANB2=TANGS*00S/(1.+0Q0S)
BETA2=ATANF(TANR2)
s DPHSW=,072*2ZNS*RHO*V]IAVI*CS/ (SS*CNSFIRETAZ) *a3 sRENe 28(Ge L4k, )

C STRAIGHT SECTION, {
DPHS= ,OT2®INS*¥RHO#V]I 2V *2LS/ (SS*RENS® 28] 44, ) |
C PIPF LOSS. !
C LENGTH OF METER,
v C CONVERT RAD., TN DIAM,
. ROS=2,*R0OS
RIS=2,.*RIS
IMU = ZNU*RHO

NDPP=32,#VBARS*ZMU*2 LM/ ((ROSERODS+RIS=RIS~-(RO5S*RAS-RIS#RIS}/
1 LOGF{ROS/RIS))*Gx144,)

c CONVERT DI1AM, TO RAD, i
ROS=.5%R0OS !
RIS=.52R1S
DELTAP=DPH+DPP+DPHS+DPHSW
IF(SENSE SWITCH 1182483

82 CONTINUE
WRITE OUTPUT TAPE 6481,NELTAP,DPH,DPP
81 FORMAT(22HOPRESSURE DROP (PSI) =,FA.3,18H 4 DUE TO RLADES =,F8.3,
811244 AND DUE TO PIPE 1.OSS =,F8,3)
83 CONTINUE

T e e et c—

c
TI12RMASS* (A+G*COSF (PH]) ) +DPH S(RT-RH)*T*IN «la4,
BRIN=BRINT
WRITE QUTPUT TAPE 64,12,BRIN,T11

12 FORMAT {14HOBLADE LOAD = 4E15.79y17H PRESSURE LOAD =2,E15.7)

BRINT=BRINT+T9%T10+T11

c THE RESULTANT TORQUE 1S DRIVE~BEARING=FLUID ~-BLADE TIP=- MAGNETIC.

o FIND CORRECT THRUST LOAD FOR BEARING.

o THRUST LOAD MAY BE NEGATIVE, BUT DRAG ALWAYS POS.
BRI=ABSF(BRINT)

c DIVIDE SEARING LOAD BEFORF CONVERSION TO TORQUE.
INB=NB

C

c SFE IF BALL BFARING OR JOURNAL BEARING TQ BE USED.,

c

IF(JB)544,544,545

565 CONTINUE
REN=WA®ZJBR*ZJBC/ZINU
CHECK=41,1*SORTF{2JBR/ZJBC)
IF{REN-CHECK) 540,540,541

540 CONTINUE
FRIC=2./REN
60 TO 542

541 FRIC=,078/REN**,43

542 CONTINUE
TIJB=FRIC*RHO*3,14159%2 JRLBWARWAR* 2 JBR**4/G

c NOTE USE OF NUMARER NF BEARINGS.

TJB=TJB*INB
BEART=TJUR




GO YO S46
544 CONTINUE

BRI=BRI/INB
DO 70 [I=2,NBTABI
IF(BRI-BEAR{II,1))T71,71,70

70 CONTINUE
11=NBTAB]

71 CONTINUE
Il=ll-1
12=11
x=8R]
X1=BEAR(I1l,1)
X2=BEAR{]241)
SET UP AN ARRAY NF INTERPOLATED TODRQUES.
N0 73 1=2,NBTABJY
YI1)sBEAR(TIL 1) (X-X1)2({BEAR(TIL,1)-BEAR(I2,4[))}/ (X1=X2)

73 CONTINUE
NOW FIND CORRECT TORQUES FOR GIVEN NDRAG.
NO 74 1=2,NBTABJ
IF(BEAR(1,1)-WA)T4475,75

T4 CONTTNUE :
I =NBTARY

75 CONTIWUE
BTaY{l=1)+(WA-BEAR(L,I=1))2(Y(1=1}~Y(1))/(BEAR{1,+1=1)1-3EAR(L,1)})
BEART=B8T*ZNB

566 CONTINUE

RESULT=DRIVER-BEART~-FDRAG-BLADET=-PICKUP
TTORQ=RESULT
IMFaWA*IN/(6,2831854%0%7,4805)
WRITE OQUTPUT TAPE 6,501
WRITE OUTPUT TAPE 6,511
WRITE QUTPUT TAPE 6,521, VBARy VV,ALPHIN,VBARS yVVS,T1GG+T2G6+DRIVER
WRITE OUTPUT TAPE 6,502
WRITE OUTPUT TAPE 6,512
WRITE OUTPUT TAPE 6,522,BRINT,BEART,BLADET,FDRAG,PICKUP
WRITE OUTPUT TRAPE 6,503
WRITE OUTPUT TAPE 6,513
WRITE OUTPUT TAPE 6,523,WA,RESULT,ZMF,DELTAP yWIDEAL

501 FORMAT(114HOV BAR TURS,. V-T INTEG. ALPHA INTEG. V BAR SWIR
50l1l1. V SW. INTEN, TL INTEG. TBD INTEG. TO INTEG.)

511 FORMAT(11l4a4H (FT/SEC) (FT/SEC) (DEG) (FT/SEC)
5111 (FT/SEC) (FT-LB) (FT-L3) {(FT-LB) )

502 FORMAT( 96HOBEARING THRUST LOAD BEARING TORQUE BLADE TiP D
5021RAG ROTNR HUB DRAG PICKUP DRAG)

512 FORMAT(96HO (.8) (FT-L8B) (FY-LB)
5121 (FT-LB) (FY-L8) )

503 FORMAT( 95H0 ROTOR SPEED WA RESULTANT TORQUE METER FACTOR
5031 PRESSURE DROP IDEAL SPEED )

513 FORMAT( 9SH {RAD/SEC) (FT-LB) (CYCLES/GA
S131LLON) (PS1) (RAD/SEC) )

521 FORMAT(5F15,5,3F15.8)
522 FORMAT (4F20.7+F20.9)
23 FORMAT(F20,4,3F20.9,F20,4)

WRITE OUTPUT TAPE 6,16

16 FORMAT{1H]) -B26-
RETURN
END

LA N—y
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SUBROUTINE TNRQUE(V,V1.R)

DIMENSION BEAR(6,15),COEFT{E)

COMMON BEAR,TTORQ,2ZLM,NBTABI,NBTABJ

COMMON IPOLYLCOEFT

COMMON VBAR,REYN,FRICT,2KOyRByRH, ZNU,0Q,RHO4EQ4,RATI03
COMMON Ab¢B6,STAURH,STAURB RMyRMS,STAUST,STAUSO,TANB1,TANB2
COMMON T,W,2Ly 2N ,GAMMA,AST,CNSG, S ING

COMMON GoRMASS,AgWA,PHI #RT

COMMON 0Q,RHOH,DELTAP,CDyVH,ORIVE,FORAG,BRLOAD,TT8,TANG
COMMON RGUESS,COSGHySH,GHyC s Sy SGUESS

COMMON TS oWSyASINSROS,RISoNSTEP

COMMON PICKUP,ZJBR,2ZJBC,ZJRL,JB

COMMON ETA,FPS,DT,NB

COMMON EPSH,T1G¢T26yT1,T2,T3,GMB, 2LS

COMPUTE ORAG COEFF.

C=ABSF(C)

CD=,074/(V *C /INU)*%,2

Ql=1./(1.+Q0Q)

Q01=00%01

GET 0QS FOR PRE-SWIRLER,

RR=ROS=(ROS=R 1*(ROS-RIS)/(ROS=RH)

CALL QKS(RR,QQS)

NEW TAN BETAl FOR SCALING OF FLOW PROFILES.
TANBl=(R*WA=(2.%00S*SINF{AS)/(1.4Q0S))2V]1%(ROSeROS-RISe*R]S)/
1 ((RBSRB <=RH*RH)*COSF(AS)))I/V

TANB2=TANBL1+ 2,*00*( TANG-TANB1)/ (1,400}

TEMP)=REWA/V

TEMP2=TEMP]1-TANS]

1F(SENSE SWITCH 1)622,623

622 CONTINUE

WRITE OUTPUT TAPE 6,1014RyV1,V,00,00S5,CO

b 101 FORMAT (80MOTORQUE SUB. Ry VISWIRLER), VITURBINE), Q(TURBINE),
1011WIRLER), ORAG COEFF, /6€15.7)

PRV

WRITE OUTPUT TAPE 6,102,TANBL,TEMP] ,TEMP2

-t 102 FORMAT (SOHOTORQUESUB, TAN(BETAL), R#W/V, CURRECT [ON
b 1021 3€15.7)

623 CONTINUE

BT U R P M LY A LT

DRIVING TORQUE TERMS.
RV2NsRHO*V*VXZN

TT1=Q01*TANG+01%TANB1
T1=RV2N2S*2,.%0Q1%(TANG-TANBL ) SR*EPS
T2sRV2N*C*TT1

T3=SORTF(1.+TTL*TT1)*R

BEARING THRUST LOAD TERMS,
TT82l,+(0Q1*TANG+QL1*TANB] ) #%2
BRL=,S*RHO®VEVECEXIN*(EPS* S®{TANB2*TANB2-TANB]1 sTANB1)/C+
1 CO*SQRTF(1.+4,25%( TANB2+TANBL } %52 )
BRL=BRL/G

ORIVE=(T1-.5%CD*T2873)/6
BRLOAD=(T62T7+.5%T82CD) /6

B8RLOAD=BRL
GMB=ATANF ( S®( TANBL+TANB2))
GMBeGAMMA-GMB
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C CONVERT TO DEG.
GMB=sGMB*180,/3.1%4159
T16=T1/G
T23Gs.5%CD*T2¢T3/6
T2G=T236
IF(SENSE SWITCH 116264627
626 CONTINUE
WRITE OUTPUT TAPE 69153,8BRL,BRLOAD
153 FORMAT(23HOTANB2 LOAD, OLOD LOAD /2€E15,7)
WRITE OUTPUT TAPE 6,9, TANGyTANBL,GMB,00S,T1G,T236
9 FORMAT(43HOTANG, TANB1l, G-B, QOS, T1/G, .5 CD T2 T3/G/6E15.7
627 CONTINUE
RETURN
END

-B28-~




SUBROUT INE OK(RINT,ZK,0Q0)

DIMENSION BEARI6415)COEFT(8)

COMMON BEAR; TTORQ,ZLM,NBTABI NBTABJ

COMMON IPOLY,COEFT

COMMON VBAR,REYN,FRICT,2KO,RByRHyZNU,QRHO,EQ4 ,RATIO03
COMMON A6:86:STAURHySTAURB,RM,RMS, STAUST ,STAUSO,TANB]1,TANSB2
COMMON ToWoZLoINGAMMA,AST,COSG,SING

COMMON GoRMASS)AsNAPHIHRT

COMMON QQRHOMH,DELTAP,CD,VH,DRIVE, FDRAG BRLOAD,TT8,TANG
COMMON RGUESSsCOSGH,SHyGHeC, S, SGUESS

COMMON TS WS AS;NS,ROS,RISyNSTEP

COMMON PICKUP,2.JBR,2JBC,2JBL,J8

COMMON ETA,EPS,DOT,NB

COMMON EPSHyT1GyT2G,T1,T72,T3,GMB,2LS

EXPRESSION FOR (C/S) ON BASIS DOF GUESSED R (RR).
CCSSF(RR)=PIINVS(COSGSLOGF( (RR¥RR+2,SRR*COSAST+1.)/ (RRRR=2, 2RR
1 COSAST1.))¢2,¢SING*ATANF(2.*RR*SINAST/ (RR¢RR=1,}))

PIINV=1./3,1615927
IF(ZL)651¢652,651

651 CONTINUE
GAMMA=G . 28318548RINT/ZL
GAMMA=ATANF ( GAMMA )

652 CONTINUE
COSG=COSF (GAMMA)
SING=S INF (GAMMA)
TANG=SING/COS6
FROM GEOMETRY
S=({6.28318564%RINT=ZN4T) /2N
C=W/COSG
CSGEOM=C/S :
WOT6, 156,GAMMA,C4S,CSGEOM ‘

156 FORMAT (4H0156,5E1547) i
R=RGUESS ,

16 CONTINUE

TANAST=TANG*(R*R=1.)/[R*R+1,) I
AST=ATANF ( TANAST)
COSAST=COSF(AST) I
SINAST=SINF(AST) !
CS1=CCSSF(R)
CS2=CCSSF(R#*1,001)
OFDR=(CS1-CS2)/(R*,001) i
OR=(CSGEDOM=CS1)/DFDR !

DIFF=CSGEOM-CSI g
WOT6, 15T¢RyAST4CS19CS2,DR,DIFF il
157 FORMAT (1H0,20X,4H 157,6E15.6) : 4
KEEP R .GT. 1.0
19 1F ({R=-DR)=1,)18,18,17 ;
18 DR=.5%DR !
GO TO 19
17 CONTINUE
R=R-DR
IF (ABSF (DR)=,00001)15,15,16
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15 CONTINUE
CLCLI=4& ,oROCOSASTSPIINV/(CSL18(RORe],)OCUSE.
CL®6.,2831854%CLCLI*SING
c QO IS LITTLE Q USED IN INTEGRATION
QQ=2.*R®COSAST/(R*R+1,)
Ik =CLCLI
RGUESS=R
RETURN
END
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SUBROUTINE GKS (RINT,A0QS)

SURRODUTINE FNR INTEGRATINN 'Q' FOR PRE-SWIRLER,

NONTE TRICKERY IN COMMON TO USE SAMF NAMES BUT DIFFERENT VALUES.

NDIMENSINN BREAR{A¢15),CNEFT(R)

COMMON RFAR,TTDRQ,ZLM,NBTABI ,NBTABY

COMMNN TPOLY,CNEFT

COMMON VBARyREYNFRICT2KO,RBRHy ZNU, 0D RHO,ENG ,RAT O3

COMMON A6 864 STAURH,STAURB,RM,RMS,STAUS] ,STAUSO,TANB1 ,TANB?2

Cc COMMON ToWsZLo2ZNsGAMMALASTCOSGySING
COMMIN TSeWS»ZLyINS GAMMAS,ASTS,C0SGSs SINGS
COMMON G,RMASS,AyWA,PHI,4RT

c CNOMMON 00 ,RHOH,NELTAPCN,VH, DRIVE, FDRAGBRLDAD,TT8,TANG

COMMON ZQ RHOH,DELTAP,CN,VH,DRIVE,FNDRAG,BRLOAD,TT8,TANGS

COMMON RGUESS,CNSGHySHyGHyCy Sy SGUESS

COMMON SGUESSCOSGH, SHyGHoCSW, SSW,RGUESS

c COMMDN TS,WSyAS,NSyROSHRIS
CDOMMON PICKUP,2JBR42J4B8C,2J8L.J8B i
COMMDN FTA,EPS,0T,NB
COMMON EPSH,T1G,T2G,T1,T2,T73,GM8, 2LS

o EXPRESSION FOR (C/S) ON BASIS OF GUESSED R (RR),
CCSSFIRRI=PIINVE{COSG*LOGF{ (RR®RR+ 2, *RR*COSAST+]1.)/(RReRR~2,*RR*
1 COSAST+1.¥YT+2.%SING*ATANF(2.*RR&SINAST/ (RR+RR=-1,}))

e Rl

P

IN=NS
PIINV=1.7/3,1415927 .

C FIXED ANGLE FOR PRE=SWIRLER. o
GAMMA=AS :
COSGxCOSF (GAMMA) t
SING=SINF (GAMMA)
TANG=SING/COSG

C FROM GEOMETRY
$=(6.2831854*%RINT=ZN2T)/2IN :

i C=W/COSG !;

' CSGEOM=C/S

! R=RGUESS

4,,......
-

| 16 CONTINUE
. TANAST=TANG®(R*R=1,)/(R*R+]1,)
: AST=ATANF (TANAST)
COSAST=COSF(AST)
SINAST=SINF(AST) :
CS1=CCSSF (R} {
P CS2=CCSSF (R*1,001) |
I NFDR=(CS1-CS2)/(R*,001)
DR=(CSGEOM=CS11/DFOR
DIFFsCSGEOM~CS1
23 CONT INUE
c WOT 64157,RyAST4CS1,CS24NR,DIFF
157 FORMAT(1HD,20X,4H 15746€15.6)
c KEEP R oGT. 1.0
19 IF({R=DR)=1.)18,18,17
18 NR=,5%DR
GO T0 19

R

'
1
T
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17 CONTINUE
c KEEP DR IN BDUNDS.
1F(ABSF(DR/R) =,25)21,21,22
22 DR=,5%DR ’
GO TO 23
21 CONTINUE
RaR=DR .
IFLABSF(DR)=-,00001)15,15,16
19 CONTINUE
c Q03 1S LITTLE *Q* USED IN TAN BETA 1,
0QS=2,*R2COSAST/ (R*R+],)
RGUESS=R
RETURN
END
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FUNCTION VEL( RyRR 2K, SOTAUR)

OIMENSION BEAR(6,15),COEFT(8)

COMMON BEAR,TTORQ)ILM,NBTABI,NBTABY

COMMON TPOLYCOEFT

COMMON VBAR . REYNFRICTZKOoRBoRHy INU,QoRHO,EQ4, RATIO3
COMMON A64B6,STAURM)STAURB,RM,RMS,STAUST,STAUSO,TANBL,TANB2
COMMON ToWoZLo2ZNGAMMA,AST,COSG,SING

COMMON GoRMASS  AoWAPHI 4RT

COMMON QQRHOM,DELTAPCDyVH,DORIVE, FORAG+BRLOAD,TT8,TANG
COMMO!t: RGUESSCOSGH,SHyGHCSS»SGUESS

COMMON TS WS,ASyNS)ROS,RISyNSTEP

COMMON PICKUP,2JBR,2JBC,2J8BL,J8

COMMON DUMETA ,DUMEPS,DT, N8

COMMON EPSHoT1GT26,T1,T2,T3,GMB,2LS

RR=RADIUS OF HUB OR BODY

R = RADIUS ALONG BLADE (FOR INTEGRATIOM)

CHECK FOR POLYNOMIAL VELGCITY SPECIFICATION.
IF(IPOLY)S5 4596

CONTINVE

RP=R

VEL=COEFT(])

DO 7 1=2,8

VELsVEL+COEFT (] )®Rp

RPsRP*R

CONTINUE

VELSVEL

RETURN

CONTINUE

ATSQ2=,95531659

S=RM/RR

SP1l=S+},

SPIK=SP1*2ZK

SM1=]1,-$§

ETA=(R~RM)/(RR=RM)

SOTAUR=SQRTF ( TAUR/RHO)

Y=ABSF (R=RR}*SQTAUR/INU

IF(Y=5,)142,2

CONT INUE

FROM GE REPORT, SET U+ = Y+ IF Y LT, S5

Usy

GO TO 3

CONTINUE

T12LOGF{1.5%YS (1. +ETA) /(1. +2.ETASETA) )/ 2K
T222,25M1%S*LOGF(,5% (1. +ETA) )/ (SPIK#(2,%8-1,.))
T3m,5858SM18( ),=3,%S)BLOGF((1.+2.%ETA®ETA)/3,)/ (SPLKe(SeS+ .5
1 SMl=SMl))

T426.,%LOGF (ETA*SML+S) /(SPLK*{(SML/S)®82=1,)%((S/SML )ee242,.))
TSm].414214%525M]) #(ATSO2=-ATANF(1,414214%ETA)Y)/( SPIK e(SeS+
1  5%SM]1*SM]1))

T6214,84-3,73767/2K

UsT14T24T3+T4+T5+TS
3 CONTINUE
VEL=sU*SQOTAUR

RETURN
€ND -B33-
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SUBROUTINE SUBRM(RM)
DIMENSION BEAR(&4415),COEFT(8)
COMMON BEAR, TTORQ,ZLM,NBTABI+NBTABY
COMKON JPOLY,LCOEFTY
COMMON VBAR,REYNFRICTy2ZKOsRByRNyZNU+Q,RHO,EQ4 4RAT 102
COMMON A6 486y STAURM,STAURB RM,RMS, STAUST ,STAUSD,TANB]L ,TANB2
COMMON T oW oZLoZNsGAMMA,ASTCOSGySING
COMMON GsRMASS,AyWA,PHI,RT
COMMON QQRHOM,DELTAPCO,VH,ORIVE)FDRAG,BRLOAD,TT8,TANG
COMMON RGUESSsCOSGHySH,GH.LCyS,SGUESS
COMMON TS WS, ASNS,ROS,RIS,NSTEP
COMMON PICKUP,2JBR,2JUBC,2JBL,JB
COMMON ETA,EPS,DT,NB
o GUESS RM
RMe 5% {RH+RB)
C COMPUTE DERIVATIVE W.R. TO RM,
C TRY TO OBTAIN RM BY NEWTON'S METHOD (X=X=F/DF)
3 CONTINUE
CALL RMCALC(RM)
F1l=RAT 103-EQ4
CALL RMCALC(RM=*],001)
F2sRATI03-EQ6
OFs(F1-F2)/{RM*,001)
ORMzF 1 /DF
IF(ABSF (DRM/RM)=,02)21,21,22
22 CONTINUE
C TAKE A SMALL STEP IF ITERATION STEP TOO LARGE.
DRM= ,010®RM*DRM/ABSF (NDRM)
21 CONTINUE
RMsRM+DRM
C CHECK ITERATION CONVERGENCE
IF(ABSF(DRM)=,000001)2,2,3
2 CONTINUE
CALL RMCALC{RM)
RETURN
END




SUBROUTINE RMCALC(RM)
DIMENSION BEAR(6,15),COEFT(8)

: COMMON BEAR,TTORQyZLM,NBTABI,NBTABJ

s COMMON [POLY,COEFT
COMMON VBAR yREYN,FRICT2ZKORByRH, ZNU,OyRHO,EQ4 ,RAT 1023

o COMMON Ab6,86,STAURH,STAURB)RM,RMS,STAUST ,STAUSO,TANB] ,TANB2
COMMON ToWZLeZIN,GAMMA,AST,,COSGy S ING
COMMON GosRMASS)AA WA, PHILRT

- COMMON QQ,RMOM,0DELTAP,CD,VH,ORIVE,FORAGBRLOAD,TT8,TANG

: COMMON RGUESS+COSGHeSHeGHeCy Sy SGUESS B

- COMMON “SeWS AS,NS,ROSsRISINSTEP
COMMON PICKUP,2J8R,24BC,2J8L,JB

. COMMON ETA,EPS,DT,NB

. COMMON EPSH;T1G,T2G,T1,T2,T3,GM8B,ZLS i

Abm ,S*REYN®SORTF(.S*FRICT)*((1.-RM/RB)/(1,~RH/RB))®a],5eSQRTF ( |

: 1 1.+RM/RB)

?: RATIO3s ( (RM—-RH) /(RB~RM) )2%x]) ,5¢SQRTF(RB/RH)*SQRTF( (RM+RH)}/ (RB+RM) )
B6= A6FRATIO3Z :
EQ2=RB*(RMSR M=RH*RMH )/ (RH*(RBSRB-RM*RM) )

SI=RM/RH

S0= RM/RB

Cl=2,4054651

C2=.,69314718

C3=]1,0986122

C423,T7376696

C5=1,.,4142135 1
Coé= «95531659

TERM1=)LOGF(ABSF(Ab))

TERM2=(2,%S0%(1.=-S0)/((1.+80)*(2.%50~1,.,))%C2

TERMI= 53 3uS0%{],~S0)*(1,-3,%S0)/{(1.+S0)*(50850+.5¢(1,-S0)ee2))
TERM4 26 ,#LOGF (SO} /((1,+S0) *{{(1.-50)/50)%#2~1,)2((S0/(1,~-S0)ee2
1 +2.1)))

TERMS2S0#(1,~-SO0)®CS8C6/((1.+S0)*{S0*S0+,5%({]1,~-50)ee2)) '1
AxCl+TERMI-TERM2-TERM3I+TERML+TERMS+14,84%ZK0-C4 DA
TERM]1=LOGF (ABSF(B6)) o
TERM2= (2,%ST*(1le~S51)/((1.+S51)%(2.%5]1=1.)))%C2

TERMIx= ,S5%CA®SIR(1,-SI)*(1,-3.,251)/((1.+5]1)%(STeS1+.5e(1,~S1)ee2))
TERMG26,*LOGF (ST )/ ((1.+S1) 2 {((1e~SI)/S1)%a2=1,.)e((SI/(1.~S])me2 |
1 +2.)1)) |
TERMS=STI#(1,~-SI)*C5%C6/( (1. +S1)*(SI*S1+ . 5%(],=S1)ee2)) o
ZK1=2KO/RAT103 X
B=CLl+TERM]I~-TERM2-TERMI+TERML+TERMS+14.84%2K][~Cs -

€04=(A/B)/SQRTF(EQ2)

c PRINT 51,EQ2,RATIO3,A,8,EQ4

51 FORMAT(31HOEQZ2,RATIO3,A,B8,EQ4 FROM RMCALC/SE1S5.7)
RETURN
END
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FUNCTION RENCHK(REYN)
OIMENSION BEAR{6,15),COEFT(8)
COMMON BEAR,TTORQ,ZLM,NBTABI,NBTABJ
COMMON 1POLY,COEFT
TF(REYN=-10000.)11411,12
11 CONTINUE
WRITE OUTPUT TAPE 6,13
13 FORMAT{40OHOREYNOLD'S NJMBER TOO LOW, CASE ABORTED, )

SET 'IPOLY* TO -1 FOR FILTERING BACK TO MAIN PROGRAM,
1POLY==]

RENCHK==~],
RETURN

12 CONTINUE
RENCHK=1,
RETURN
END
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6 12
0. 00 .5
2. 30
1064.72 +000003798 «000009730
.000041418 +000068548 .
209 .44 «000005209 +000011141
«000042829 +«000069959
314.16 «000006366 +000012299
000043986 «000071116
418.88 «000007524 +000013456
000045144 +000072274
523.6 «000008537 +000014469
+000046157 «000073286
628.32 «000009405 000015337
»000047025 «000074155
733.04 +«000010309 «000016242
«0C0047929 +000075059
837.76 «000011214 «000017146
«000048834 «000075964
942 .48 «000011575 «000017508
«000049195 +000076325
1047.2 «000012733 +«000018665
»000050353 «000077483
5236.0 +000034726 «000040658
«000072345 «000099476

+ 000018774
« 00007185
+00002134¢
» 000022500
«000023513
+ 000024381

PR

000025285
«000026190
«000026551
+«000027709
+« 000049702

WATER 100 PERCENT Q 70. DEG. BB NOM, G RF PRE-SHW.

92 «40 «002 «5013033
+070 «230 5.58 14

«256 0. 900. 90,

.070 +400 30. S
-+,0000010 +0000200 ,00002000 70,
0.

1 -96 . 336, -240.

2 200 .00001
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SAMPLE COMPUTER OUTPUT TABULATION
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APPENDIX D

RESULTS OF QUESTIONNAIRES

Part One. Turbine Meter Manufacturers' Survey

Part Twe. Turbine Meter Users' Survey
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APPENDIX D

RESULTS OF QUESTIONNAIRES

The Survey of Turbine Flowmeter Literature, Section III,

attempted to outline all the major parameters or factors that
have been considered by other investigators in the field and
that were pertinent to the study. An attempt was made to in-
clude all the major effects, as well as those less important
ones which may not have been explored in any 2etail in the
literature.

The next phase of the study was the evaluation of the
importance of these general factors as they relate to turbine
performance and, more specifically, the meter size, type and
operating fluids of typical aerospace applications, as oppos-
ed to the commercial petroleum industry, chemical processing,
etc. As part of the literature search, however, it became
apparent that many questions -- particularly pertaining to
empirical flow =ffects -~ remained unanswered and were not
available in the published literature. Therefore, it was
believed that several major turbine meter manufacturers
should be consulted to aid in obtaining empirical correla~
tions, test data, or general design practices that had been
developed in recent years as part of company development pro-
grams, but had not been published in the open literature.

The commercial turbine meter manufacturers were also

asked about the relative importance of various factors
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affecting performance, and the frequency with which users
have been concerned about these effects in the common in-
stallation of turbine metera. Since the manufacturers are
continually in contact with the users and their problems
in application, it was believed that they would be in a
far better position to judge the importance and the fre-
quency with which many of these effects are encountered.

For the reasons given above, a questionnaire, con-
sisting of the nain guestions raised during the literature
survey, was prepared and distributed to Potter Aeronautical
Corp., Fischer and Porter Co., Cox Instruments, and Foxboro
Company. Each of the manufacturers responded, and their
replies are included in this appendix.

It was hoped that these visits would result in a
more objective approach to the preparation of the theoret-
ical model and possibly some empirical expressions that
could be incorporated in the model. Although the manufac-
turers answered all the questions, it became apparent that
very little experimental work had been done in most areas,
and what had been done was considered proprietary.

In addition to the manufacturers' questionnaire, a
similar questionnaire was prepared for distribution to
turbine flowmeter users in the rocket propulsion field.

A companion questionnaire to determine the facilities




requirements for the subject contract's follow-on teat
program was also distributed. Replies were received
from ARO, Inc.; Aerojet-General Corp.; Air Force Rocket
Propulsion Lab (Edwar .s AFB); Army Missile Command; NASA
(Lewis); NASA (MSFC); Pratt & whitney Aircraft, and TRW
Systems (received too late for inclusion.) Responses to
these questionnaires are found at the end of this
appendix.

Review of these three questionnaires illustrates
the need for conducting experimental testing in the areas
mentioned, since very little organized test data are avail-
able. This is particularly true with regard to upstream
piping effects and velocity profiles, where empirical
correlations are necessary. Because of the recognized
sensitivity of meter registration to these effects, an
experimental test program to explore these effects is
essential to the complete understanding of turbine flow-
meter operation and standard practice to obtain accurate

flow measurement.
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PART ONE. TURBINE METER MANUFACTURERS'SURVEY

A. Analytical

1. Have any blade interference tests been conducted
or has any attempt been made tn correlate with
the effects predicted by Rupin, Miller and Fox? _

POTTER: No specific tests on blade intirference
have been conducted. An increase in blade number
leads to increased blade drag effects and a greater ,
variation in meter factor for high viscosity fluids. i

FISCHER & PORTER: No attempt has been made to cor-
relate the effects predictad by Rubin, Miller and
Fox, since F & P meters huve small solidity ratios
and blade inte. ference effects are not a concern.

F & P representatives feel that it is seldom neces-
sary to design a rotor with a large number of blades
where blade interference would be a factor.

L adeas

COX INSTRUMENTS: No.

FOXBORO: Some tests varying number of blades have ;
been conducted to correlate the effects predicteu i
in Rubin, Miller and Fox. Results are proprietary. 1

2. Has any experimental testing been done that might A
reveal in any way the degree of seccondary flows 1
between blades of turbine flowmeters?

POTTER: No experimental testing in this area. Potter i
representatives feel that an increase in blade number :
can be considered generally in terms of boundary layer i
displacement effects or as some factor related to the
wetted area of the meter.

FISCHER & PORTER: No flow visualization testing has

Been conducted in this area. No trouble has been noted :
with secordary flows or by Lblade interference effects, ;
and therefore these areas have not been explored. ‘

COX_INSTRUMENTS: No.

FOXBORO: No tcsting has been dcne that reveals the
degree of secondary flows between blades of turbine
flcw meters.
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Have wall boundary layer effects been noted in the
calibration of small meters as opposed to larger
meter size?

POTTER: Boundary layer effects on all wetted sur-
faces in the plane of the turbine are a prime con-
sideration in very small bore flowmeters. This
effect is well demonstrated in a study of Figure 4
of Dr. Grey's paper entitled "Calibration of Flow-
meters for Cryogenic Operation" (ARS Journal,
February 1960), as it relates to viscosity effects.

FISCHER & PORTER: Yes, attempts are made t0 allow
tfor boundary layer effects on the meter housing.

COX INSTRUMENTS: We do not have any analytical data
to substantiate the effects of wall boundary layers
on small turbine flowmeters. However, we know that
we cannot produce a very small flowmeter which is
linear. This phenomenon can be attributed to the
wall boundary layer effect. -

FOXBORO: Wall boundary layer effects have been noted
to a greater degree in small meters.

Has blade trailing edge thickness appeared as a
parameter in meter registration? 1If so, was it
important in just low-Reynolds-number high-vis-
cosity flows or was it an effect at higher Reynolds
numbers?

POTTER: Present meter designs use thin blades and
therefore blade thi~kness effects have not been im-
portant. Tapering of the trailing edge has influ-
enced a meter characteristic which was linear at
high Reynolds flow. Blades of extreme thickness
can c3use distortion in meter characteristics at
high Reynolds number flow rates, particularly in
fluids having high vapor pressure and low vis-
cosities.

FISCHER & PORTER: The shape of the meter character-
istic curve can be controlled for high Reynolds num-
ber flows by modifying the trailing edge thickness,
but the maximum change that could be expected would
be 1%, Wake effects are encountered more with the
large turning angles appearing in the reaction
turbine industry than in turbine flowmeters.
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COX INSTRUMENTS: We do not have any analytical data

to substantiate the effact of blade trailing edge
thickness. However, we do know that we can effect

the shape of the meter calibration curve by filing the
blade trailing edges.

FOXBORO: Yes, blade trailing edge thickness has ap-
peared ags a parameter in meter registration; it seems
to have an effect at both high and low Reynolds numbers.

Has any testing been conducted with rotors where a
portion of the blades had stalled or where the blades
ran in transition or different blade surfaces in
different flow regimes?

POTTER: No, some experimentation has been done with
tripping boundary layers and controlling the flow as
it approaches the meter.

FISCHER & PORTER: No, helical blades are used and
therefore significant angles of attack at the blade
ends are not encountered. Also, the high flow end
of the meter characteristic curve is always turbulent.

COX INSTRUMENTS: No.

FOXBORO: No tests have been conducted in the area
indicated by this question.

What blade geometries other than helical rotors
are presently employed in production flowmeters?

POTTER: Flat and helical blades have been produced.
Experimentation with other blade shapes has always
led to compromises.

FISCHER & PORTER: All rotors for turbine flowmeters
are helical.

COX INSTRUMENTS: All turbine flowmeters manufactured
by Cox Instruments use helical rotors.

FOXBORO: Straight blades with fixed anygles, and shaped
helical blades are used in production flow meters as
well as helical bladed rotors.
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What are typical blade thicknesses and trailing edge
thicknesses in the 2-inch meter size range?

POTTER: 0.020" uniform across the blade.

FISCHER & PORTER: 0.030".

COX INSTRUMENTS: Un-inown

FOXBORO: The typical blade thickness of a two inch
meter is .042 inches.

At what maximum "effective angle of attack' does any
portion of a typical blade operate?

POTTER: Since flow velocity profiles vary from minimum
to maximum flow, it is fundamentally impossible to shape
a blade to operate without an angle of attack. Accord-
ingly, angle of attack in the linear operating range of
a flowmeter has not been a deterring criterion to good
flow measurement.

FISCHER & PORTER: Helical blades are employed to elim-
inate the varilation in angle of attack with blade radius.

COX INSTRUMENTS: A nominal value for the "effective"
angle of attack of a typical blade is 35 degrees.

FOXBORO: Have not calculated the maximum "effective"
angle of attack of the blades. Helical blades operate
at virtually zero angle of attack.

Any general comments on NASA TND-3770 or TND-3773 with
regard to calibration techniques, flow simulation,
meter dimensional effects, temperature correction, etc.?

POTTER: No.

FISCHER & PORTER: No.

COX INSTRUMENTS: No.

FOXBORO: No comments on NASA TND-3770 or 3773.
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10.

11.

s o o

Has blade tip clearance appeared as an important
manufacturing tolerance in terms of meter linear-
ity? For the 2-inch size range, what are the
typical blade clearances and manufacturing toler-
ances, and what percentage of the total flow
passes through this clearance area?

POTTER: Blade tip clearance appears only in the
form of non-linearity at the low end. Typical
dimensions for one rotor are 1.700%§.880 and

for the housing bore 1.750 $0.001 inclusive.

FISCHER & PORTER: No, typical blade clearance is
§.01I5 ¥ 0.002 inches.

COX INSTRUMENTS: Blade tip clearance definitely

18 an important factor in detcrmining meter lin-
earity. We have noted that we can make a flow-
meter linear for a slightly viscous fluid by
producing a small clearance near the center of

the blades and a wide clearance near the ends of
the blades. However, we do not have any analytical
data to establish an exact relationship between
blade tip clearance and meter linearity, or an ex-
act relationship between blade tip clearance toler-
at and meter linearity.

FOXBORO: Blade tip clearance is an important manu-
facturing tolerance in terms of meter linearity in
the smaller size meters. For a two inch meter the
tip clearance is .012 and the tolerance is t 0.000S.
Total flow through this area depends on Reynolds
number. No calculations are available.

Whag production tests are employed to detect defect-
ive or out-of-spec bearings?

POTTER: Poour meter characteristics or bearing ring-
1ng on calibration.

FISCHER & PORTER: On the basis of bearing torgue
during callbration tests. A series of different
fluids 7ith overlapping viscosities are used, and
the meter must exhibit the same behavior for a
given set of flow conditions.

\
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12.

13.

COX INSTRUMENTS: Cox Instruments procures bearings
directly from bearing manufacturers and assumes that
these bearings are not defective. However, any de-
fective bearing which ig used in a turbine flowmeter
will result in non-repeatability of that flowmeter
and will be detected during meter calibration.

FOXBORO: Calibration tests are used to detect out-
of-spec ball bearings -- sleeve bearings are dimen-
sionally inspected.

What bearing designs are employed for small meter
sizes to minimize bearing drag? Are glass-filled
Teflon retainers employed in the large meters?

POTTER: Both sleeve and ball bearings are employed.

FISCHER & PORTER: Sleeve and ball bearings are used.
Ball bearings arc recommended above sleeve bearings
when the fluid is suitable. Sleeve bearings are used
where problems with lubricity, corrosion or dirt may
be encountered. Teflon retainers are used with ball
bearings for larger sizes in cryogenic service.

COX INSTRUMENTS: Cox Instruments uses ball bearings
in all its flowmeters, including the small sizes.
Glass-filled teflon retainers are available and will
be installed if specified by our customers.

FOXBOR0O: No, special bearing designs are used in the
smal] meters to orevent drag, except elimination of
excessive pre-loading. Glass-filled teflon retainers
are not used in the large meters.

Has any significant breakthrough been made in attempt-
ing to measure bearing drag and to minimize it? Can a
typical bearing spec for small meter sizes be made
available?

POTTER: Bearing drag effects are evident from a study
of low end flow rate linearity. Specifications on
ball bearings require:

{(a) Running clearance be 0.0005 to 0.0009.
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(b) Temperature stabilized alloys to eliminate
bearing warpage under operating conditions.

R

(c) Passivation treatment for maximum corrosion
resistance.

(d) Ball separators of nonmetallic materials for
improved lubricat.on under crycgenic operating
conditions, as we.l as elevated temperature
conditions to 300°F.

e g 4 =i painapae v

{e) Bearing shields utilized for prelubricated
bearings in gas measuring applications.

(f) Appropriate bearing run-in time.

FISCHER & PORTER: Some development testing has been
done with the direct measurement of bearing drag.
Test data on bearing drag has been obtained for use
; in meter designs. Lubricity is a big factor in
bearing drag. A typical bearing is supplied by
Miniature Precision with a spec MPB S2-1/2 CP 68.
Bearings are used in unmatched sets.

e T (P St Yy wr——

COX INSTRUMENTS: No.

FOXBORO: No breakthrough has been made in measuring
bearing drag. Yes, typical bearing spec #A2010ZW is
enclosed.

B. Emeirical

1. What testing has been done to determine meter instal-
lation effects such as the effect of upstream valves
and elbows?

| POTTER: 1Installation piping configuration effects
! and straightener properties were studied in Potter
Pacific Report PP-2, "Evaluation--Fluid Flow Straight-
ener," July 18, 1959,

FISCHER & PORTER: Some test data have been accumu-
lated In this area and may be made available.

COX INSTRUMENTS: Definite testing has not been per-
formed which would determine the effect of upstream
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piping installation on flowmeter oparation. However,
we have noted that this effect is quite significant
for large meters, such as 3" and up, while it is al-
most negligible for smaller meters.

FOXBORO: Testing has been conducted on selected sizes
of production series meters, using elbows and swirl in-
ducers, to determine the effectiveness of straighteners.

How is swirl generated and measured in your testing and
do you do you have any experimental test data to show
its importance?

POTTER: Refer to Potter Pacific Report #PP-2 mentioned
in reply to previous gquestion.

FISCHER & PORTER: Swirl is generated by means of a
double elbow. Data are not immediately available, but
may be released.

COX INSTRUMENTS: We are unable to comment on this question.

FOXBORO: Swirl is generated for test by using machined

Relical blades installed in the line upstream of the turbine

meter. Yes, we have data to show its importar :e; however,
data is proprietary.

Are flow straighteners employed in the calibration equip-
ment? If so, of what type and for what type of disturb-
ances do they successfully straighten the flow?

POTTER: Straighteners are always employed on test stands
when meters are calibrated. These straighteners are the
tubular bundle type.

FISCHER & PORTER: Flow straighteners are used in calibra-

tion equipment but not in general installations. The most
difficult problem is transition from a smaller pipe to a
larger meter. Transition from large pipe to smaller meter
is acceptable. Egqual pipe and meter size are alsc accept-
able, since meter blockage due to rotor hub and blades
effectively produces a large-to-smaller flow area trans-
ition.




COX INSTRUMENTS: All Cox flowmeters are calibrated with
both upstream and downstream flow straighteners installed.
Cox upstream flow straighteners have six strajght radial
vanes. The downstream straighteners consist of simply a
straight length of pipe.

FOXBORO: Yes, flow straighteners are used in calibration
equipment. They generally are bladed straighteners.
Straighteners effectively remove disturbance generated

by pumps.

Has any testing been conducted to correlate meter error
with swirl or asymmetric velocity distributions?

POTTER: Very little. Recommended practice to avoid up-
stream effects is 20 diameters upstream of meter and 10
downstream. Generally, the practices of the American
Gas Asscociation and American Petroleum Institute are
followed with regard to meter installation. Some ex-
periments with pipe roughness and settling length have
been conducted.

FISCHER & PORTER: A few tests have been conducted with
meter error related to pipe diameter. This data may be
made available.

COX INSTRUMENTS: No.

FOXBORO: Yes, testing has been conducted to correlate
meter error with swirl and asymmetric velocity distrib-
utions. Data is proprietary.

Are any empirical correlations available to predict the
error in meter registration due to installation effects?

EQFTER: No.

FISCHER & PORTER: See item 4. Also, NBS may have some
data.

COX INSTRUMENTS: No.

FOXBORO: Empirical correlations for installation effects
are not available.




What design techniques are employed to aveid melsr
vibration? What production tests are employed to
detect rotor unbalance and meter concentricity?
Are any empirical correlations available for meter
error due to operation in flow systems subject to
vibration?

POTTER: Clearance in bearing is controlled and mass
unbalance in rotor is avoided. Rotors are statically
and dynamically balanced. Meters are designed to
avoid vibration coupling.

FISCHER & PORTER: Rotors are balanced cn all meterc.

There have been no complaints in the field aborvt meter

error from external vibration except that caused by

increased wear. No means of predicting erroxr with :
environmental vibration. : N

COX INSTRUMENTS: None.

FOXBORO: No special techniques are employed to-prcvent 5
meter vibration other than dynamic balancing of rotor, :
inspection of ccocncentricities on shaft and rotors and :

blade thickness. Do not have empirical correlations
for external vibration.

Are any test data or empirical correlations available
describing the effects cf meter orientation and
acceleration effects?

POTTER: Vibration and acceleration testing of a

Potter turbine flowmeter (Model 1-5851) is documented

in NASA Marshall Space Flighc Center Astrionics Labouratory
Report R-ASTR-IM-65-1, Qualification testing of Potter
Aeronautical Company Turbine Flowmeter Model 1-5851,
R-ASTP-IM Type III, March 4, 1965.

FISCHER & PORTER: No. Testing has been done, and
users may have test data.

COX INSTRUMENTS: No.

FOXBORO: Some tests and data are available describing
the effects of meter orientation. No data on acceler- :
ation effects is available. {




10.

To what extent has meter transient testing been
performed and in what fashion is the test con-
ducted?

POTTER and FISCHER & PORTER: None; only analytical
predictions using analysis of Dr. Grey.

COX INSTRUMENTS: None

FOXBORO: Some transient testing has been conducted:
however, calculations have proved to give sufficiently
accurate transient response data.

To what extent is pulsating flow encountered in the
application of turbine flowmeters and what is the
typical magnitude of the pulsation intensity wher it

is encountered? 1Is 0.1 a practical pulsation intensity
below which meter error is negligible?

PGTTER: Very little information is available in this
area cxcept several references which will be forwarded.

FISCHER & PCRTER: Very little experience in this area.
More severe 1n gas flows which have been the subject of
past investigations. No additional references to offer.

COX INSTRUMENTS: Pulsating flow applications are guite
commonly encountered during flowmeter use. However, we
do not have any analytical data regarding the intensity
of these pulsations.

FOXBORO: Do rot have information about pulsating flow.

Miscellancous Items

(a) Have you noted any change in meter registration
due to oxide formation on blades with corrosive

propellants?

POTTER: No effect with fluorides, which are
the worst case. Some blades in hydrocarbon
scrvice bLuild up mechanical deposits, but not
in aerospace applications.
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(L)

{c)

(d)

FISCHER & PORTER: Oxide effects not detected.
Bearlng failure would come first.

COX INSTRUMENTS: We reqgret that we are unable to
provide positive answers +to questions 10A through
10F.

POXBORO: flave not observed the effect of oxide

: e o
aep051ts.

How «¢losely is meter and bearing material controlled?

POTYER: Commercial grade materials; kearings made to
specifications wentinned in reply to question A-13
zbove.

FISCHER & PORTER: Use commercially available materials,

which are certifiedc when required.

FOXBOR0O: Meter and bearing material is comtrolled by
certification and inspection; control is dependent
upcn usage and customer requirements.

Any comments on the importance of inlet surface finish
and noncylindrical inlets? Any empirical correlations
for these effects?

POTTER: Anything to induce or insure turbulence is a
beneficial effect.

FISCHER & PORTER: No inlet effects except small to
Targer pipe transition. Flow area at rotor is smaller
than pipe diameter so flow is accelerating.

FOXBORO: No comments on inlet surface finish or shape.
ALl .
No empirical correlation.

Any important factors concerning the chemical reactivity
of fluid affecting meter error with time?

POTTER: Meters have been run with LOX and LF; with no
deleterious effects. If upstream coatings break away
and contaminate bearings, there can be problems.

FISCHER & PORTER: No.




(e)

(f)

FOXBORO: No comments on chemical reactivity effect
cn meter facter with time, other than the obvious
effect of material removal from blades on flow area.

Have you ever noted any nonquantifiable calibration
shifts between fluids?

POTTER: Yes, a mixture of fluids to obtain a given
viscosity will often give a different effect than
a homogeneous fluid at the same viscosity.

FISCHER & PORTER: Yes, with a non-Newtonian fluid
where the viscosity is a function of the shear rate.
This was encountered in a hydrocarbon fluid with an
additive. Be very cautious about additives in a
system,

FOXBORO: Yes, non-quantifiable shifts between fluids
have been experienced, mainly calibration cuarves in
viscous fluids have not aiways been characterizable
with Reynolds number.

Have you established any "experience" or empirical
correlations that predict meter error or shift with
breaking in or running time?

POTTER: Yes, sleeve bearings employing at least one
element of a soft material such as Teflen or Graphitar
have a run in time of 1/2-hour of maximum rate of flow
rate for very small meters of 1/2" or under. A curve
of calibrations va. time over a 54-hour period have
been obtained in a life test of Meter MF80-4196, Ball
bearings and hard sleeve bearings do not require a
break-in period.

FISCHER & PORTER: No break-in is required with ball
bearings, but there is one with sleeves. Estimated
break-in time is one huur. Break-in completion is
determined by comparison of a number of successive
calibrations until no shift is obtained.

FOXBORO: Some experience has been established with
meter running time vs error, but no empirical correla-
tions.
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11,

Are there any empirical effects that have not been
mentioned that should be included in a study of turbine
flowmeters?

POTTER: None. Recommend attempted derivation of an
equivalent "coefficient of discharge" as it relates
specifically to the orifice immediately upstream of
the turbine and its correlation to the mean radius for
the turbine meter.

FISCHER & PORTER: Mone that are immediately apparent.

COX INSTRUMENTS: Believe that your performance study
can provide a better answer to this gquestion than we
can.

FOXBORO: Effects of "lubricity" on turbine meter per-
formance require investigation.
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PART TWO. TURBINE METER USERS' SURVEY
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cryogenic cerditions - fluid, high linit, low limat}. AL-50 -  +140°1, +19°F "zo ~ +130°F, +40°F
Water - ¢137*F, <40°F
IP-4 - +100°F, -SC°F
-
8. tiow rate capabliidty Naug Sec Pagqe T 2 water
2 tewt atanda 1 teat etand
Rargc: 1 to 250 gpm Range: 5 to 350 qpm
Mcter sizew: 1,27 to Meter milee: 1/2 to
3 21721
AZ=-5C
1 tust stard
Range: 1 2o 150 qpm
Meter 108: 1/2° o
3
Water
1 teat stand
Range: 0.01 to )0 gpm
Meter sizes: 1/4° to
3" i
JP-4 - [}
1 feer stand {
Range: 1 to 250 gpa
Meter sizes: 1/4° to
2-1/2°
5. Flow stand construction fesatures Weigh-acale ond megCury (cr I weigh-scale and mercury {or ] weigh-scale snd mercury i--

{

£]

el

(a) Calibragtion Standard

{p) PrinCipal readout method

{¢) Preasure ®ource

11} Gag Pressure: Fluids

i2) Circuiating Purp: Fluids

Descryption of facility

YOur tept estimate of overall precisicvn and al-eclute accurac
Lreak down DYy uld, ®eter nire, test atard type, etc., aw app

other r-pcatable) switch
wWeigh scale, in-place calai-
brated load cell and d:ver-
ter valve, NjO4 and AZ-50.
CONLiAUCUS welght Ressure-
mant dead-weight cCelibrated
load cell, N304 and JP-4 -
n20.

Digitasl Timer (countsrs).

GN; ¢ Mollum (48, 4b, 4d)

AREDS-TP-(7-27 {Complete ke-
purt Lescription)

wWater - Cox 3)1 AMT Flow
calipration standard

Fiuld meter Precis. Accur.
N0 TR TIR 8
NzOy i-177° 0218 0020
AZ-5C 2-1,2" 0.24% 0.42%
wWoter 2-1 2° - 8.25%
Jp-4 HOT AVAILABLE
wWater 2-1:2° 3.09% G.1)%

other repeatabls) switch.
faference standard flowmsten
{Turbine)

Moagured vclume (D-8)
Positive Dis>lacemant Put<>1
J-1, H-2, C-3

Digital Timer HP 2520

GN2: GHe: GM,

W0

Schematics W-2 J-1, T.Lab.,
€-3
Complete Repnit Depcription)|

0-6

Sar paqe [

other repeatable) switch

Digital Limer (Counters).
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4120°F, 0%y
planned teat aysten
jconstruction 14 complcoted)

Ly Sec Page i .t Hydrocsrton Fyel Pil-H-5608 water
test stand 1 te stand 7 trat etands 1 test stand Range: O to 40,000 GPR
rge: S . 1% g+ Parge: 1 ot 20 litex RParge: ©.1 g 2157 Grw Ranae: .01 to 300 UbM Meter sizes: 1.
tar wiare: i ot e Meter nizes( 1:8° te Meter sitee: 127 o i
~1s2° ‘etey Sizes: l-1.2° 2-1.2" a
1ox
1 test stand
Pange: 100 ro %060 (PM
wgter Sipes: 2° to )"
Lhy
1 test stand
Paree: 400 tn 1260 GP%
Meter sizes: 27 rto 4"
sle and mercyry (ar Mass displscesent Reigr-foa - oane mercery {cr he1gr scale and weidury {or fWeirgn-scale enc mercury lor Weigh-scale snd mercury lor
poatablel swuitch ocher repcatailes Rwitc: (o) fother fopeatatlel awitich oher ropeatable) switch, other repemtable} switch.
Mecasut~:l Voo (1)) Stanipipe ard rancreter Tife Volume
timexr Ciunter ). Diaital tieer (Cournters). Cig Uorymer - Berknly, Uigital Timer - Totalirer Lig-tal tirer - Cox Cigital tirer
Ar.adex (W.¥.L. and fotter! Mod  BS4A
Analogue tirec - Cox
¥Ood. BR4A
AOX, KO, Pr-), breun,
Helium TrnL, WX g, MVE Yeq
Wyctecarren fuel Crlabration tlurd Yen
NASK W -51?
Alv. 1P Ty'genic Fnarg. Deacripticn - avaiial ! at LG sparr acheratic avadaiie,
veilo? IPLCItic frqacnt Lyt roy be citainca fror
WASA M, o713 Cox lastrurents - Calilratcy
wiaa1 311 aew
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a1 1ch m3y be of help in tho
ficemeter modal Jdetinltion.

tot. Boarg usra
moter tentitg.

i

SPESIFIC CATATA AL L.

1. Dbz FCTiers Ls the s er, ter ovieurve- e No No
atg- Tt oupstreas o Atien and weke poancrenal 3
P e Yo No

eotear pend Yios

Y. Jan oyer Teasare

1ta-line flul temprintare FedSorement capabiiity vt are Yoa Yca

=1 e ho No

tgur as u f

S. Tar you mvasute directly tne meter retagditg
unet

specd an the west 1337 1t 40, dusitiie Fat

=y atoes 3¢

6. Usn oy 1retail fand Tea. , Cnenge oo .
any Teas catle dastarce 0.3, Wb bt I pape oo arecersh noa siraland
pipe upatrcar and dJdownptredr of the ooter:

(1 Tlew strajghterer scctiois te.g.. 95-10 loyreters nmnl 2 100 Yeu Yo
[ IERPO-INE B AV SN 2 0 S S o) £ <P 14 s Yes NG|
v} Cne ot rere clhows? Yoes Yes

FI

{d) Flanges with instrurertation preojactions {c.9., Orifires, trormaes Yeu Yes
SCUplur, Pressure prebes, otc.i?

el Purps? . You uq
1Y Orrer flowrecters: Yes 71
{g) Citferent Upstredn plpe Jiarcters {with @ Yes Yes Yq
7. Can yov vibrate the moter w:-1le 1n tees? he 1 5 .
lal hcoe rany axcya?
) Frejqacrcy rénge teur.
b
Anplitude renge _to .
1d) Up ti- what BlZe =rter (1nthea) {
(r) Up tc what tios ratc {(upMi?
1ty < ownat (luids?
i
L Y sfaqe vooApely uniform Acceleratien tuothe tetes e Na
whisle = t-a0? :
fan axcs:? '
[Ty Cais up e Juavatiel |J
[ Usize meter rcie 0 {
i
S31 g trowmat flow rare (PN 2
Lt LAV TS ‘
‘
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L) wWhat res arplitude ransa? :
Vot wial mear [iow rate M) T
[ A O LT Lo Bl 4 1
[ I TR I |
B ar y oran Togeterr calipratienst LosTert Pamaratyane o tteeer o Tamates b h.z'\ 1‘
LT getars e Ltel
Crrtirt e s aiatyon, 1
1
B
i
i
a4 %
.
*




- = o e ¥

R-d (FMIS RFSP AR b . FNTES NAA T A RTTIONE NiTh AJECRATTY . BPORAT NASA (MBT(:
Ba APt lyie qopates o ) “Vaiwcravior Fystems and § This [4aNi2a1i0n 1e in the
AtAR L e pira ! As Tar. P FIovess ol ge-évaluating it
ety [ Y Juierw ficwreter calivratior pro-
Ve Asarumert 918+ It 1s a Certainty
Pager #-%, S trat e (hanges .t the o=
e beogee iny. calities desribed Prere will
PLrram Seeur i the near future
1t TRr extent af the charges 1g -
mert CH Lpucareli, Jiaw- uncerrair at the presert, .
ler, and R.1.3treet, ISA tul 1t may involve eupansion
Paper Nl 2-1-64 of calitration Fluld cape-
Tilit.es
LY N LT No
-. . Yos Tes Yes
N N L
i
Ve o e Yew . 1 Ycu >
)
N N N No
't
1
.
Yen s Tus Yo fen H
e Yeu Yo Yeu Yeu g
No Yes Yes Yea Yes
e o Yes Yes Yes
G e o No .
Yre Yes Yes Yen
T Yer A« v tel t. seall ALY Yeos Yes
ST M TN
9 N h Ko
. . . ~ A
. - N ~
. DY N Tus - oworw Liad.




L AEROJET-GENERAL CORPORATION

TEST FACILITY AVAILABILITY QUESTIONNALlRE

Questions 4 and S5{e)

g

; Question 4 - Flow Rate Capability . +_Question 5{(e
; Calib. Type of Range Meter Size No. of Precision A
; Fluid System {GPH) (inches)  Test Stands (3 ) _
H,0 Time-Vol., 18-3960 1-1/4 to 10 1 0.10
H20 Time-Wt. 1-230 3/8 to 2-1/2 . 2 0.3
HyO Vol.-vol. 1-238 3/8 to 2-1/2 2 0.24
H,0 Vol.-Vol. 250-2376 3 to 8 2 0.24
: AeroZINE
50 Time-Vol. 18-400 1-1/4 to 2-1/2 2 0.09
N204 Time-Vol. 18-400 1-1/4 to 2-1/2 2 0.09
' H20 Time-Wt. 0.001- Mini-flow
4.0 to 3/8 1 0.15
N,04 Vol.-Vel. 18-400 1-1/4 to z2-1/2 1 0.3
LH2 Time-Vol. 18-400 1-1/4 to 2-1/2 1 0.09
LO2
N204
AeroZINE
50
HoO Time-Wt, 4-288 1l to 2-1,/2 1 0.1%
. and Time-Vol.
Freon
LH Time-Vol. 18-500 1-1/4 to 3 1 0.09
. LH» Time-Wt. 10006~ 3 to 12 1 0.3
: 10,000
b
- %
E-
|-
;..
]
H
B
! e -D 27~
;
|
|
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NAR, ROCKETDYNE

TEST FACILITY AVAILABILITY QUESTIONNAIRE

Question 4

FLOW RATE CAPABILITY

Calib. Range Meter
Fluid {GPM) Size

wWater 0-30,000 1/8 to 24

N204 0-5 1/8 to 1/2

MMH 0-5 1/8 to 1/2
Freon TF, 0-5 1/8 to 1/2
Trichlorethylene

LOX 1-200 1/2 to 18

300-5,000

RP-1 1-1400 1l to 6

Hydraulic 0il 0-15 1/8 to 1
Lube 0Oil

-D 28-
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APPENDIX E {

RECOMMENDED TEST PROGRAM
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APPENDIX E

RECOMMENDED TEST PROGRAM

The three major objectives of the test program, as
stated in the body of the report, are as follows:

I. Evaluation of the analytical model.

I1. Correiation of flowmeter inlet velocity

profile with piping parzmcters.
I11. Effects of parameters not included in
the model or in Item II.

In each of these sections, as detailed below, %;A
the test objective is stated, the reyuired experi- |
mental equipment is specified, and a suggested test
series outlined. Because of the urgent necessity !

for establishment of inlet velocity profile corre-

lations, it is strongly recommended that Item II

be given priority in any test program.

I. Evaluation of Analytical Model
{1) Test Objective: To determine
whether the analytical model properly accounts for
the effects on meter registration of the meter and -
fluid parameters considered.
(2) Test Equipment: é
(a) Flanged Turbine Flowmeter

with replaceable bearings and rotors. Preferred

-E3-




sizc: 2" (optional 1" or 4" meter may be added to evaluate
effect of scale on registration.)
(b) Piping configuration consisting of
at least 30 diameters of straight pipe upstream of a com-
) mercial annular flow stra.ghtener with hub of same diam-
eter as flowmeter inlet hanger, a commercial full-pipe
g flow straightener (no hub), a piece of replacement pipe
without straightener vanes, an inlet profile instrumen-

tation section(see below),and at least 20 diameters of

e —————r anr b

straight pipe downstream. All internal piping must be
smooth, with no appreciable steps in pipe ID at the
flanged joints.
(c) Approximately 10 sets of typical
production ball bearings for each of the flowmeters tested.
(d) At least three rotors with dif-
ferent blade-tip clearances.
{e) An instrumented inlet test section
(smooth straight pipe:! of the smallest possible length,
with the following instrumentation:
(i) Static pressure taps (three
taps manifolded).
(ii) Input pressure rake with
probe tips at test section inlet (i.e., just downstream

of the straightener section). Radial spacing of the

probes (which may be staggered circumferentially)
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should be no more than 0.1 inch, with probe outer diameters
not exceeding 1/16" and preferably smaller. The rake shoulc
be symmetrical radially (i.e., cover a full diameter), both
to obtain symmetry data and to avoid creating an asymmetric
disturbance.

(iii) Temrperature probes (three
recommended) ; penetration of no more than 0.1 radius is
satisfactory.

(iv) Swirl measurement device.
This is subject to development, but is recommended to be
in the form of a very thin vane no more than, say 0.2
radii square, suspended by a freely rotating bearing from
a radially movable strut. An orientation detector (e.g.,
magnetic or optical) is needed to determine the vane
angular position to the order of ¥ 0.1°. Three such
devices are recommended, equally spaced (120° apart),
at any convenient axial location in the instrumentation
section. Theivr purpose is to measure local swirl angles,
rather than mcan pipeline swirl, for use both in determin-
ing the radial distribution of blade incidence angle util-
ized in the analytical model and (in Part II) for deter-
mining the true effect on meter registration of upstream
piping components.

(f) A pr..surized mass or volumetric

calibration facility (for 2" meter size) capable of ap-

proximating 0.1% accuracy on (i) water, (ii) oil up to
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20 cs, and (iii) a typical storable liquid propellant

halinto s budg

suitable to ICRPG. !

{(g) Capability for temperature condi-

tioning of thc test fluid over a minimum range of 150°F. |

e .

(3) Test Program Outline
i (a) Configuration,

All tests are to be conducted
using water at rated flow and one reference temperature;
p e.g., 70°F, with the standard piping configuration as
; follows (unless otherwise noted):

(i) 30 diameters of straight i

2" pipe upstream of meter.

(ii) 2" annular flow straightener
i just downstrecam of 30-diameter straight pipe section.
3 (1ii) 2" instrumentation section
downstream of straightener.
: (iv) 20 diameters of straight 2" Do
pipe downstrcam of meter |

"Standard"” input data for all runs are:

(i) Inlet impact pressure rake
profile.

(ii) Inlet swirl profile.

(iii) Meter and pipeline con-

figurational data.




{(iv) Upstream fluid temperature
(and all other usual fluid data).

(v) Meter registration per
unit volume of fluid.

tote that the rohored inlet velocity and swirl pro-
files for each test are to be used in the analytical com-
puter program.
{b) Tests

(1) Effect of flow rate: run
standard configuration at three different fluid temper-
atures in at least two different fluids of widely dif-
ferent viscosities (e.g., water and oil). There are
three effects of these parameters which must be checked
against the analytical model: inlet profile, blade tip
and hub drag, and flowmeter material expansion. Each of
these can be isolated by this test series, provided the
specified instrumentation is used.

(iii) Effect of bearing toler-
ances: run standard configuration with 10 different sets

of bearings in high-viscosity fluid (e.g., oil).

(iv) Effect of blade-tip clear-
ance: run standard configuration with three rotors having
different blade-tip clearances in two fluids of widely

different viscosities, e.g., water and oil.

-E7~
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(v) Effect of inlet velocity pro-
file: run standard configuration with three different flow
straightener configurations: standard, full-pipe (no hub),
and no straightener (straight-pipe section instead).
{(vi) Effect of changing fluids:
run standard configuration, and use results to predict,
using the anulytical model, flowmeter registration on a
storable propellant. Then run the storable propellant
and compare (a} predicted registration, and (b) computed i
registration using actual storable-propellant inlet profile.
Note: the above test outline does not include the
following effects, which are accountable by the analytical
model but are believed by this contractor (baced on the
analysis of the Fischer & Porter design example discussed
in the body of this report) to be of negligible effect in
the high Reynolds number regime:
(1) Journal bearings, including material
tolerances.
(2) Surface finish and lubricity.

(3) Type of readout device.

II. Correlation of Flowmeter Iniet Velocity Profile
with Piping Parameters.
(1) Test Objective: to determine the

effects of all installation parameters on the inlet

-
. .
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velocity and inlet swirl profiles, so that these instal-
lation parameters may be used systematically, through the
analytical model, to predict gquantitative flowmeter regis-
tration variations.
(2) Test Equipment

(a) Piping configuration listed in
Item (2b) of previous test series (I).

(b) Instrumented inlet test section
as detailed in Item (2e) of previous test series (I).

(c) Three 2" standard pipe elbows
(flanged) .

(d) Two each standard 2 to 1 and 1-1/2
to 1 pipe reducers (flanged).

(e) Two each, standard 2" globe valves,
gate valves, needle valves, and ball valves (flanged).

(f) Three each, straight 2" pipe sec-
tion3 (flanged), 10, 20 and 30 diameters long.

{(g) One typical piston-type, vane-
type or centrifugal hydraulic pump (2" size).

{h) Pressurized source of test fluid
with temperature-conditioning capability.

(1) One impeller type swirl generator.

(j) Flowmeter to record level of flow

rate (accuracy not important; ¥ o3 adequate).

-E9-
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Notc: Turbine flowmeter and prover or calibration

stand are not necessary for this phase of the test program.

(3) Test Program Outline
(a) Configuration
All tests are to be conducted using
water from the pressurized source at approximately rated
2" turbine meter flow and one reference temperature; e.g.,
70°F. The "standard" piping configuration and test data
are identical with those listed in Item (3a) of the pre-
vious test scries (I) (except for flowmeter configuration
data, which are not necessary), unless otherwise noted.
(b) Tests

(i) Effect of valves: run each
type of valve 0, 10, 20, 30 and 60 diameters upstream of
flow straightener inlet, with annular flow straightener,
full-pipe straightener, empty pipe section, and no
straightener at all (valve at instrumentation section
inlet).

(ii) Effect of single elbows:
run one elbow 0, 10, 20, 30 and 60 diameters upstream
of flow straightener inlet with each of the four straight-
ener configurations designated in (i) above.

(iii) Effect of multiple elbows
in the same plane: run 2 and 3 elbows in at least two

of the above configurations (e.g., 0 and 30 diameters

-E10-
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upstream of straightener) with annular straightener and
with no straightener, with 0, 10, 20 and 30 diameters
betwaeen elbows, and with aelbows turning the flow in the
same and in opposite directions.

(iv) Effect of multiple elbows
in different planes: run at least four configurations of
the same test as (iii) above, but with only two elbows,
oriented at 6 different angles with respect tc each other.

(v) Effects of pipe reducers
upstream and downstream of the meter: run three config-
urations of two reducers equally spaced upstream and
downstream of the meter at 0, 10 and 20 pipe diameters.

(vi) Effects of straight pipe
length and fluid parameters: run different lengths of
straight pipe at different fluid temperatures with two
fluids of widely different viscosities.

(vii) Effect of puvmp: run at
least one each of the above straight, valved and elbow
configurations with pressurized and pump source.

(viii) Downstream effects of

valves, elbows and pumps: run at least two configurations

similar to tests (i), (iji) and (vi) above with these com-
ponents located a distance 0, 10, 20 and 30 diameters

downstream of the meter.
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(ix) Effects of controlled swirl:
run tests with swirl gqenerator installed 0, 10, 20, 30 and P
60 diameters upstream o the meter with and without flow
straightener, to study simple swirl and to correlate
effects of compound swirl from elbow.

(c) Data Analysis

To cbtain meaningful experimental
correlations that can be g2nerally applied, complete speci-
fication of the fluid properties, velocity profiles, and
system geometry is essential. Otherwise, the test data
will be peculiar to a specific test configuration. Before
organizing the test sequence, the key test parameters to
be recorded must be established and a proper dimensional
analysis conducted to avoid repetitious tests involving
the same parameter groups in one instance or the omission
of required tests in another instance. The use of com-
puterized data processing systems should be considered

if the quantity of data warrants this.

I1I. Effects of Parameters Not Included in the Model
or in Item II.
(1) Test Objective: to evaluate effects
which could not be included analyticelly in the theoretical
model, and on which insufficient empirical data were avail- .

able in the prior literature or from the questionnaires of

P a——
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(2) Test Equipment: Same as in Item I,
paragraph (2}, plus the following:

(a) Static pressure tap just down-
stream of the flowmeter.

(b) static pressure tap at the mini-
mum cross-section flow area section of the flowmeter.

(c) Centrifuge with all necessary
inlet, outlet and instrumentation connections needed to
accelerate meter without or with, if possible, instru-
mentation section, up to 20 g in any of three principal
planes.

(d) vibration table capable of vibrating
flowmeter with or without instrumentation section up to 50 g
amplitude and variable frequencies up to 1000 Hz in any of
the three principal planes.

(e} A source of particulate matter
which can be injected into the pipe well upstream (e.gqg.,

60 diameters) of the flow straightener.

(f) Elbow or other pipeline configur-
ations which produced maximum asymmetries in inlet velocity
and swirl in Item II.

(3) Test Program OQutline
(a) Configuration
All tests are to be conducted with

the "standard" configuration and data records of Item I,

-El13-
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paragraph (3a) unless otherwise specified. Additional data
pertaining co the specialized equipment detailed above
should, of course, be taken when appropr.ate.

(b) Tests

(1) Effect of asymmetric velocity
profile: for the standard configuration, determine change
in meter registration due to different degrees of asymmetry
in swirl and velocity., Results of this test will eventu-
ally be used to formulate u transformation capable of con-
verting an asymmetric profile into an equivalent symmetric
profile, as indicated in the "Recommendations" section of
the main report. THIS TEST IS OF CRITICAL IMPORTANCE TO
THE USEFULNESS OF 1ITEM 11 RESULTS.

(ii) Effect of particulate matter:
for the standard and at least one severely asymmetric-pro-
file configuration, determine the change in meter regis-
tration produced by different numbers, different sizes,
and different material densities of particulate matter.

(iii) Effects of acceleration
and vibration: standard tests to evaluate these effects
guantitatively.

(iv) Effect of cavitation:
operate standard-configuration flowmeter at several flow
rates in excess of rated flow, using flowmeter pressure
data to characterize cavitation, and determine meter

registration change.
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(v} Effect of meter position:

operate standard-configuration meter in several positions
(at least three principal planes) and determine meter
registration change.

NOTE: Other effects not included in this program,
which were indicated by the gquestionnaire results of
Appendix D to be negligible, are as follows:

(i) Breaking in and/o-
running time.

(ii) Chemical reactivity

of test fluid.
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